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Abstract 
It is known that wool is easily yellowed by solar irradiation just like other natural 
proteins, such as silk and feathers. Sunlight induced yellowing is a significant 
problem for the wool industry. The poor photostability of wool arises because 
natural aromatic residues of wool keratin are prone to undergo reactions when 
they absorb ultraviolet (UV) radiation with resultant changes of colour and 
chemical structure. The most widely used protective method is to apply organic 
or inorganic UV absorbers to wool fibres, which can neutralize the destructive 
attack from UV light. At present the effectiveness of organic UV absorbers is 
limited due to their low efficiency and poor stability. Inorganic UV absorbers 
such as titania and zinc oxide nanoparticles also have some other problems, chief 
among which are strong photocatalysis effects and poor fastness to abrasion and 
washing. The aim of this PhD research was to improve the photostability of wool 
keratin by using two new types of inorganic UV absorbers. These absorbers have 
core-shell structures in which titanium dioxide or zinc oxide are encapsulated 
inside silicon dioxide nanoparticles. These new composite nanoparticles have 
been found to have high UV shielding ability as well as low photocatalytic 
activity. This study was mainly focused on two topics: 1) fabrication of the core-
shell structured nanoparticles; and 2) methods for application of the fabricated 
inorganic UV absorbers onto wool fabrics with high durability.  
Initially, titanium dioxide and zinc oxide core nanoparticles with suitable optical 
properties were synthesized as candidates for encapsulation inside silicon 
dioxide shells. It was found that the balance of optical properties, such as the UV 
XXII 
shielding ability, visible transmittance, and photocatalytic activity, of the 
particles were closely related to the particle size, crystalline phase type and 
dispersion state. These properties were found to be adjustable depending upon 
the synthesis conditions, including reaction temperature, reaction time and 
starting substrate. The results showed that the titania prepared by pectisation in 
the presence of hydrochloric acid at room temperature from amorphous titanium 
dioxide were pure rutile type, spindle-like nanocrystallites, in a mono-disperse 
state and with a tuneable particle size. Specifically nanocrystals 100 nm in length 
exhibited a suitable UV absorption edge (close to 400 nm), higher visible 
transparency and lower photocatalytic activity, than other preparations. The zinc 
oxide nanoparticles synthesized by thermal hydrolysis of zinc hydroxide in the 
presence of a surfactant gave mono-dispersed single crystal nanorods, with an 
even and adjustable size distribution. Zinc oxide nanocrystals 97 nm in length 
exhibited optimum properties including a suitable UV absorption edge (close to 
400 nm), higher visible transparency and lower photocatalytic activity. 
Secondly, silica shells were coated on selected titanium dioxide and zinc oxide 
core particles to suppress the photocatalysis effects by isolating the core particles 
from the surrounding environment. The resulting balance of optical properties 
of the fabricated core-shell structured nanoparticles was found to be mainly 
determined by the thickness of the silica shells. The thickness of the shells was 
found to be tuneable by changing the aging time in the coating process according 
to the classic Stऺber method [1]. The results revealed that thick silica shells 
contributed to the suppression of photocatalysis due to the core titania and zinc 
oxide particles, however it also resulted in the decrease in the UV absorption of 
the encapsulated nanoparticles, and in the loss of transmittance of the materials. 
XXIII 
Optimal results were obtained for titanium dioxide core particles, with silica 
shells of 7 nm thickness. This shell thickness almost completely eliminated the 
photocatalytic effect and only slightly decreased the UV shielding and 
transmittance. For zinc oxide core particles, the optimal thickness of silica shell 
was 5 nm. 
Thirdly, the protective effects of the fabricated core-shell structured titanium 
dioxide and zinc oxide nanoparticles were assessed by applying them onto 
bleached and fluorescently whitened wool fabrics and measuring the protective 
effects in both dry and wet conditions under simulated solar irradiation. The 
results indicated that the two new types of inorganic UV absorbers provided 
effective protection on wool keratin, and the protection was enhanced when the 
application level was increased in the range from 1% to 5% (on the weight of 
fabric). Silica coated titanium dioxide nanoparticles were found to be more 
efficient than silicon dioxide coated zinc oxide nanoparticles. No discolouration 
of the wool fabrics was observed with a treatment of 5 % (on the weight of 
fabric) of titanium dioxide composite nanoparticles on bleached wool after 168 
h of simulated solar irradiation. Polydimethylsiloxane was applied on the treated 
sample as a coupling agent to improve the washing durability. At an application 
level of 1 % (on the weight of fabric), the treated fabrics could stand up to 50 
cycles of hand washing without loss of the protective effect. 
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Chapter 1. Introduction 
1.1 Significance and research questions 
Wool is well known as a superior natural textile material due to its resilience and 
softness. However the photodegradation of wool caused by exposure to sunlight, 
particularly from the UV component, makes the fibre weak and yellow. These 
effects are called phototendering and photoyellowing. Photodegradation is a 
significant problem for the wool industry. Although commercial bleaching and 
fluorescent whitening agent (FWA) finishing processes are widely employed to 
improve the whiteness of wool products, the rate of photoyellowing of bleached 
and FWA-treated wool fabrics is much faster than untreated fabrics, especially 
under wet conditions. In order to counteract this destructive attack from UV 
light, the most widely used protective method is the application of UV absorbers. 
The most successful UV absorber applied in wool is known as ‘Cibafast W’, 
which is an organic conjugated compound and was commercialised by CSIRO 
in 1990. It is more effective against phototendering rather than photoyellowing 
[2], and cannot be used on bleached and FWA-treated wool [3]. 
Compared with organic UV absorbers, inorganic UV absorbers, such as titanium 
dioxide (TiO2) and zinc oxide (ZnO), are generally non-toxic, more stable and 
more effective as absorbers of UV radiation. As semi-conductor oxides, TiO2 
and ZnO both have strong photoelectric responses to UV light. Their band gap 
energies allow electrons to be excited from their valence to the conducting 
bands, with the generation of positive holes in the valence bands when they 
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absorb UV rays. The newly born electron and hole pairs can either recombine 
with the generation of heat, or both species can react with water or oxygen at the 
surface of the particles to produce reactive oxygen species (ROS), such as 
superoxide and hydroxyl radicals. This is the so-called photocatalysis reaction 
[4]. However, the generated ROS can greatly accelerate the photoyellowing 
process of wool keratin by diffusing into the fibres and reacting mainly with 
aromatic residues in the wool protein to form yellow compounds. The key 
research question addressed in this thesis is: is it possible to develop protective 
systems for wool based on highly effective inorganic UV absorbers without the 
associated disadvantage of photocatalytic activity? 
1.2 Specific aims 
The work is in two main parts: (1) Fabrication of new inorganic UV absorbers 
with high UV shielding capability and without the disadvantage of 
photocatalytic activity against wool. (2) Application of these inorganic UV 
absorbers onto wool fabrics and measurement of the effectiveness of the 
treatments with a focus on the enhancement of washing durability. 
According to previous work at Deakin University, silica coatings can reduce the 
photocatalytic activity of ZnO nanoparticles to some extent [5, 6]. It has been 
suggested that the silica shells work as physical barriers, which can isolate the 
core semi-conductor oxides from the surrounding environment containing water 
and oxygen. Theoretically this blocking effect should be enhanced along with 
thickening of the silica shells, however new problems can arise, which are a 
decrease in the UV absorption and light transmittance due to scattering of UV 
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and visible light by the shells. Moreover, the dispersibility of the semi-conductor 
oxide particles after silica coating is decreased, which leads to the further 
decrease in the UV absorption and transmittance. In this PhD thesis, the balance 
between UV shielding ability, visible transparency and photocatalytic activity 
was investigated by varying the types and sizes of the core semi-conductor 
oxides, as well as the thickness of the silica shells. Using this data, optimum 
core-shell structured inorganic UV absorbers with high UV shielding ability and 
high transmittance, as well as low levels of photocatalytic activity were 
fabricated and applied onto wool keratin. 
In addition, the durability of treatments with these new types of inorganic UV 
absorbers is very important, as the protective effect could be reduced with the 
loss of particles caused by laundering and abrasion in real use. 
Polydimethylsiloxane was used to improve the connection between the 
nanoparticles and wool keratin. By this means it appears that protection of wool 
against the photoyellowing can be achieved, which can add great value to many 
types of wool products. 
1.3 Thesis outline 
The work carried out for this thesis is described in the chapters as outlined below: 
Ɣ In Chapter 2, background knowledge and research on photoyellowing of 
wool keratin and UV absorbers, as well as protective treatments to improve the 
photostability of wool keratin has been reviewed. 
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Ɣ Chapter 3 gives details of the materials and characterization methods 
used as well as the pre-treatment methods used to prepare the wool fabric 
samples. 
Ɣ Chapter 4 and Chapter 5 report the synthesis of core-shell structured 
nanoparticles made from TiO2 and ZnO, and coated with SiO2. Firstly mono-
dispersed rutile-type TiO2 or single crystallized ZnO nanoparticles were derived 
from hydrothermal processes. Then SiO2 shells were coated onto the surfaces of 
the TiO2 or ZnO nanoparticles. The conditions for generating mono-disperse 
phase-pure rutile type TiO2 nanocrystallites and single crystallized ZnO 
nanoparticles were studied. The relationships between UV blocking ability, 
visible transparency, photocatalytic activity, size and phase type of the core 
particles, as well as the silica shell thickness were also investigated. 
Ɣ In Chapter 6, the synthesized nanoparticles have been coated on the 
surface of bleached and fluorescent whitened wool fabrics. The photostability of 
the treated wool fabric samples has been investigated in both the dry and wet 
states. Polydimethylsiloxane was applied to the optimally treated samples as a 
coupling agent, and the photostability and washing durability of these samples 
was also explored. 
Ɣ Chapter 7 summarises the conclusions obtained from this research work. 
Suggestions for future research in this area are also provided. 
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Chapter 2. Literature Review 
Like other natural protein fibres of animal origin, wool is degraded by sunlight 
irradiation. This chapter will review the photostability of wool; especially the 
mechanisms and factors that cause changes to colour and chemical structure. 
Some photoprotective treatments against wool yellowing are also discussed. 
2.1 Wool structure 
Wool fibre has unique advantages compared to some other textile fibres, 
specifically in its drape, warmth retention, wrinkle recovery, moisture 
absorption, softness and light weight [7-9]. This is due to its special and complex 
structure, both in chemical composition and morphology. As a member of the 
animal fibre family, the chemical constitution of wool fibre belongs to the group 
of proteins called keratin, which is the key structural component making up the 
fibre’s outer layer of cuticle scale cells and the inner cortex [10, 11]. 
2.1.1 Morphological structure of the wool fibre 
A wool fibre can be considered as a biological composite consisting of regions 
which are distinct in both chemical and physical properties. The typical diameter 
of wool fibre used for apparel is around 17~25 ȝm [12]. The fibres are mainly 
constructed from two types of cells: the internal cortex cells and external cuticle 
cells. As shown in Figure 2. 1, the cuticle cells form a sheath around a wool fibre 
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and are held together with the cortex cells by the protein ‘cement’ called the cell 
membrane complex [12, 13]. 
 
Figure 2. 1. Schematic diagram of the cellular composition of a wool fibre [12, 
13]. 
The cuticle cells provide a protective layer of scales on the surface of wool fibre 
[14]. These scales overlap like tiles on a roof to provide a protective outer layer 
for the wool fibre. The external scales are along with the growth direction of 
fibre (Figure 2. 2) [13], and give rise to a larger surface frictional value when a 
fibre is drawn in the against-scale direction than in the with-scale direction. The 
frictional difference is important and responsible for wool fibre’s felting 
property when the fibres are agitated in water [12]. These cuticle cells have a 
thin, waxy, hydrocarbon coating that is chemically bound to the surface. This 
restricts wetting of the fibre by water but allows moisture absorption inside the 
fibre. This natural water repellence makes wool fabrics ‘shower-proof’ and able 
to resist water based stains. During fabric manufacturing process of wool fibre, 
processes such as finishing and dyeing are strongly influenced by both the 
hydrophobicity of the surfaces of the fibres and the ability of the fibres to absorb 
considerable amounts of water [15]. 
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Figure 2. 2. SEM of wool fibre [13]. 
The component surrounding the cortical cells is known as the cell membrane 
complex (CMC), which contributes only about 5% of the total mass of fibre, but 
plays an significant part in the overall properties of wool [12]. The CMC is made 
up by slightly cross-linked proteins and waxy lipids, which hold the cortical cells 
together and separates the cortical cells from the cuticle cells, and acts similarly 
to mortar holding bricks together in a wall. Although it is a continuous region 
and extends throughout the whole fibre, the mechanical strength is relatively 
low, and also it is more susceptible to chemical attack than other regions of the 
fibre. On the other hand, as the only continuous phase in wool fibre, the CMC 
also contributes to the diffusion of dyes and chemicals in or out of fibre by 
providing a channel [15]. 
Approximately 90% of a merino wool fibre consists of cortex cells, which are 
divided into two types: ortho-cortical cells and para-cortical cells [16]. In the 
case of merino wool, they are arranged bilaterally, and associated with the highly 
desirable natural crimp of the fibres [17]. An interesting feature is that the ortho-
cortex is always orientated towards the outside radius of the crimp. This occurs 
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as a result of the two segments rotating around the fibre in phase with the crimp, 
as shown in Figure 2. 3 [12]. 
 
Figure 2. 3. The relationship between ortho/para segmentation and crimp in a 
merino fibre [12]. 
Both the cuticle and cortical cells have highly complex substructures, as shown 
in Figure 2. 4 [18]. Inside the cortical cell, long filaments known as macrofibrils, 
are made up of bundles of even finer filaments called microfibrils and 
surrounding matrix region. 
 
Figure 2. 4. Schematic diagram of wool fibre (CSIRO) [18]. 
The matrix is rich in high-sulphur proteins which are non-helical, and the 
microfibrils mainly consist of low sulphur proteins which are helical. The 
microfibrils are derived from filamentous structures in the wool cell, and contain 
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pairs of twisted protein chains which are coiled in a highly helical shape much 
like a spring. As to each coil of the helix, the structure is stiffened through 
hydrogen bonds and disulphide bonds between and within the molecular chains. 
Therefore the structure of microfibrils is similar to that of steel rods embedded 
in reinforced concrete and gives wool its strength and flexibility. 
Particularly, owing to the amorphous structure of the matrix, wool has an 
advantage over other fibres of absorbing a relatively large amount of water 
without feeling wet (up to around 30% of the mass of the dry fibre). In addition, 
the matrix proteins are also responsible for the property of absorbing and 
retaining large amounts of dyestuffs [19]. 
2.1.2 The chemical content of wool keratin 
The chemical content of a wool fibre consists mainly of Į-keratin. Some traces 
of metallic elements, including Cu, Fe, Mn, Se etc., can also be found in the wool 
fibre [8, 11, 13]. The keratins in wool are composed of 18 different Į-amino 
acids [20], and the general structure of an Į-amino acid is shown in Figure 2. 5. 
H
C COOHNH2
R  
Figure 2. 5. General structure of an amino acid. 
An individual Į-amino acid is characterised by its side group, shown as R in 
Table 2. 1 [11, 13]. The side groups vary in size and chemical properties, and 
can be grouped into five categories: hydrocarbon, which is hydrophobic (water-
hating); hydrophilic (water-loving); acidic; basic; and sulphur containing. 
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Table 2. 1. Categories of side groups of Į-amino acids in wool [11, 13]. 
Side group 
% occurrence 
in wool 
Examples of Į-amino acids 
containing the side group 
Hydrophobic  35 
Glycine, Alanine, Valine, Leucine, 
Isoleucine, Phenylalanine, Proline 
Hydrophilic  30 
Serine, Threonine, Tyrosine, 
Tryptophan 
Acidic 15 Aspartic acid, Glutamic acid 
Basic  10 
Arginine, Lysine, Hydroxylysine, 
Histidine 
Sulphur-containing  10 Cystine, Methionine, Lanthionine
 
The chemical bonding between two amino acids is based on the connection of 
an amino and a carboxyl group, which is covalent and known as a peptide bond. 
Sequential linking of the Į-amino acids monomers can form a polypeptide chain 
(Figure 2. 6) [12]. 
+
COOH
CH
NH2
R1
OH2- NH
O
C
CH
NH2
R1
COOH
CH
R2
COOH
CH
NH2
R2
(dipeptide)
+
COOH
CH
NH2
R3
OH2- NH
O
C
CH
NH2
R1
C
CH
R2
NH
O
COOH
CH
R3
(tripeptide)
etc. 
Figure 2. 6. Formation process of polypeptide through reaction of Į-amino acids 
[12]. 
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Because of the great variety of side groups a number of different types of 
interactions are possible between the polypeptide chains in a wool fibre. These 
are hydrogen bonds, ionic bonds, hydrophobic bonds and covalent bonds. 
(Figure 2. 7) [12, 20].  
 
Figure 2. 7. Bonds in wool [20]. 
The covalent disulphide bonds play an important role in the crosslinking and 
folding of Į-keratin polymer chains [11, 12, 21]. A disulphide bond is created 
by oxidation of two thiol groups of cysteine residues, and is formed during fibre 
growth by a process called ‘keratinisation’ [20]. However, compared with C-C, 
C-H and C-N bonds, the disulfide bond is a type of ‘weak link’ due to its lower 
bond energy (250 kJ/mole). Furthermore, reflecting the polarisability divalent 
sulphur, the S-S bond is susceptible to scission by polar reagents, both 
electrophiles and especially nucleophiles, and this is responsible for the useful 
property of permanent set in wool but also is responsible for such problems as 
fibre damage in dyeing [15, 22, 23]. Another type of important crosslink is called 
an isopeptide bond, formed between amino acids containing acidic and basic 
groups under the action of heat. 
In addition to the chemical crosslinks, some other types of interactions, such as 
hydrophobic interactions which occur between hydrocarbon side groups; and 
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ionic interactions which occur between groups, such as carboxyl and amino side 
groups, that can exchange protons, also assist to stabilize the macro molecule of 
wool fibre under both wet and dry conditions [12]. The ionic interactions are 
also important because they give wool its amphoteric or pH buffering properties 
(an ability to absorb and desorb both acids and alkalis). The ionic groups also 
control the dyeing behaviour of the fibre, as a result of their interactions with 
negatively charged dye molecules [15]. 
These various chemical bonds and physical interactions, make the 
macromolecular chains that make up the crystalline regions of the fibre into 
helically shaped Į-keratin molecules (Figure 2. 8) [20]. It has been estimated 
that wool contains more than 170 different proteins with varying molecular 
weights. These are responsible for the fibre’s complex morphological and 
chemical structure. This complex combination of different proteins gives 
wool its wrinkle recovery advantage over other fibres [12, 24]. Wrinkle 
recovery is provided by the easy transfer between Į helical keratin and ȕ 
helical keratin under external force resulting in good flexibility and elasticity 
[20, 25]. 
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Figure 2. 8. Helical arrangement of the wool molecule [20]. 
2.2 Wool photochemistry 
2.2.1 Absorption of light by wool 
Solar radiation is electromagnetic radiation from the sun which can be divided 
into three types in increasing order of wavelength (290 ~ 3000 nm): ultraviolet 
(UV), visible (Vis) and infrared (IR) radiation [13, 26]. The wavelength is 
inversely proportional to frequency; waves with higher frequencies have a 
shorter wavelength, which also means they have greater energy. 
UV light found in sunlight spans a range of 100 nm to 400 nm, and consists of 
three parts: UVA (315 ~ 400 nm), UVB (280 ~ 315 nm) and UVC (100 ~ 280 
nm) [13]. Owing to absorption by the atmosphere, particularly blocking from the 
ozone layer, only UVA and a limited amount (less than 3%) of UVB can reach 
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the earth’s surface. None the less, these rays still can alter chemical bonds in 
wool fibre, and cause photochemical reactions to occur [27]. 
The Grotthuss–Draper law (named after the chemists Theodor Grotthuss and 
John W. Draper), states that any photochemical reaction will not be initiated 
unless at least one component of the given system has light absorption [28]. In a 
molecule, if the energy difference between two different molecular orbitals falls 
within the range of the visible spectrum the molecule is known as a 
chromophore; and if the molecule can re-emit light following light excitation it 
is called fluorescent, or a fluorophore [29]. Actually the colour of the material 
arises from the absorption of certain wavelengths of visible light and the 
transmission or reflection of other wavelengths. The Grotthuss–Draper law also 
provides a basis for fluorescence [29]. 
In wool, there are natural chromophores which absorb electromagnetic radiation 
in the UV and visible regions. The absorption spectrum of a single Merino wool 
fibre is shown in Figure 2. 9 [30]. The UV absorbing chromophores, including 
the aromatic amino acid residues tryptophan, tyrosine and phenyl alanine, have 
an absorption maxima in the region from 250 to 320 nm. Absorption of visible 
light in the range from the near UV to red (350 ~ 800 nm) leads to the creamy 
colour of natural undyed wool. As illustrated in the absorption spectra, the 
absorbance reaches a peak around 275 ~ 295 nm and then decreases sharply to a 
relatively low level when the wavelength is longer than 310 nm. Despite this low 
level of the ‘tail’ of the UV absorbing chromophores, wool appears appreciably 
yellow because the concentration of visible light is remarkably higher than the 
UV rays in sunlight. 
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Figure 2. 9. The absorption spectrum of Merino wool keratin (—), and an 
absorption spectrum calculated from its amino acid composition (- -); also shown 
is the relative spectral intensity of Geelong summer sunlight [30]. 
2.2.2 Interaction between wool and light 
Generally, the electronic energy level of a chromophore is increased when light 
capable of elevating the whole molecule to a state of higher energy, (i.e. an 
excited state) is absorbed [13]. This process is called photoexcitation, which is 
also the first step in any photochemical reaction. 
The excited chemical species (AB*) is highly unstable, and easily loses energy 
in returning to the ground state or to a lower excited state. The process of energy 
attenuation is known as quenching and can be achieved through a variety of 
ways, such as excited state reactions, energy transfer, luminescence and 
collisional quenching, as shown in Figure 2. 10 [31]. 
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Figure 2. 10. Available photochemical and photophysical routes for loss of 
electronic excitation [31]. 
Quenching is a chemical process as the excited state gives rise to a chemical 
reaction that results in two new chemical species. It can be brought about by 
reactive fragments such as free radicals which are emitted through chemical 
dissociation as shown in process (i), or through direct reaction with other 
molecules just like process (ii) [26]. For wool yellowing, the existence of free 
radicals has been proved when wool is irradiated with UV light, and the photo-
induced electron transfer (PET) process also has been involved in a proposed 
mechanism. Otherwise, when the energy barrier between the two isomers is not 
high enough and they can interconvert relatively freely, the isomerisation can 
occur spontaneously, shown as process (iii). 
Processes (iv and v) of inter- and intra-molecular energy transfer also result in 
new chemical species with excited states, and both of them are believed to play 
important roles in wool yellowing. An example of an inter-molecular process in 
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wool is the generation of singlet oxygen from excited state tryptophan residues, 
while the energy transfer that occurs from the excited state of tyrosine residues 
to tryptophan is an intra-molecular form. [13]. 
Typically, one of the physical processes is photoluminescence (process vi), 
which can make the prime chemical species return to a lower energy state 
accompanied by re-radiating of photons. For wool keratin, both fluorescence and 
phosphorescence emission can be observed due to the reduction of the disulphide 
bonds to thiol groups [32]. 
Physical quenching (process vii) is also a type of physical process and important 
to wool keratin. There have also been reports that the existence of vibrational 
dissipation of excitation energy is facilitated by the interaction between aromatic 
ring and the sulphur atoms in an extremely short-range, which also leads to the 
loss of fluorescence [33]; whereas the fluorescence is enhanced in the tri-n-
butylphosphine modified wool in which the disulfide bonds have been reduced 
[34].  
Process (viii) of photoionization is caused by a proton which ejects an electron 
from the chemical species, and has been observed in aromatic amino acids 
irradiated with 290~340 nm radiation at 77 K [35]. The photoejection of 
electrons is most effective in the UVC region, but rarely happens at room 
temperature [36]. 
For colour changes of wool under exposure to sunlight, the chemical reactions 
involved are highly complicated. Photochemical effects of sunlight upon wool 
are twofold: the long wavelength component (440 ~ 460 nm) bleaches the wool, 
whereas the short wavelengths (less than 375 nm), in the absence of longer 
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wavelength radiation cause wool to yellow [25, 37, 38]. It is apparently linked 
with previously mentioned various quenching processes of all sorts of 
photoexcited natural chromophores in wool fibre, which corporately result in the 
complex reactions, including both chemical and physical. 
2.2.2.1 Wool photoyellowing 
The connection between yellowing and the destruction of keratin has been 
investigated for years; however the chemical reactions that account for colour 
changes are still under identification except some common features of 
photodegradation. 
(1) Mechanisms of wool yellowing 
It is generally accepted that the UV radiation component of sunlight is 
responsible for the deterioration of wool. Several theories have been proposed 
to account for the reactions of wool keratin in photoyellowing. The three best-
known mechanisms together with one more recent theory are discussed in the 
following section. 
A. Radical autoxidation of peptide chains at Į-carbons to form Į-ketoacyl 
peptides (1967) 
According to the early work of Goldschmidt et al. [39] and McGregor et al. [40], 
it is known that Į-amino acids can combine oxides. Further study [41] has shown 
that hydroxyl radicals, liberated by irradiation in aqueous systems or the action 
of ferrous ions on the hydrogen peroxide, have the same effect. 
Therefore, it is logical to assume the subsequent oxidation of polypeptide chain 
to form ketoacid after the overall reaction, which has been proved by Meybeck 
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and Meybeck [42]. They also suggested that the photooxidation mechanism of 
the Į-amino acid residues of glycine and alanine in fibrous proteins (keratin and 
fibroin) after UV exposure in aqueous systems was autoxidation. There is a free 
radical attack at the Į-carbon position of the peptide chain to form the peptide 
radical (-NH-ƚR-CO-) and this causes the breakdown of chains. In subsequent 
research [43], the authors proposed a mechanism for the excitation energy 
transfer process in which the energy is first absorbed by the aromatic amino acid 
residues, in particular tyrosine, then transfers from the phenyl group to the Į-
carbon via the formation of a six-membered ring (Figure 2. 11) [2, 44]. 
 
Figure 2. 11. Proposed route of excitation energy transfer from the phenyl group 
to the Į-carbon via the formation of a six-membered ring [2, 44]. 
Owing to both the electronegativity of nitrogen and the strongly 
electroabstracting effect of the carbonyl group, once the Į-hydrogen is removed, 
the unpaired electron could conjugate with the adjacent amino and carbonyl 
groups so that the radical structure could be stabilized. Therefore the position of 
the Į-carbon atom in the main chain of the protein is highly sensitive, and 
evidence from chemical reaction shows that the reactions of hydroxyl radicles 
with glycine and alanine dipeptides occur preferentially (approximately 90%) at 
the Į-carbon position [45]. In the following reaction, these active Į-carbon 
radicals can either combine with oxygen to form Į-hydroperoxides or lose 
hydrogen to form a dehydropeptide, in which both routes can yield Į-ketoacids 
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(RCOCOOH) through hydrolysis and cause the breakdown (fission) of 
polypeptide chains (Figure 2. 12) [2, 46]. 
 
Figure 2. 12. Formation routes of Į-ketoacids through hydrolysis [2, 46]. 
Besides main chain degradation, the photolysis of side-chain groups, in which 
the C-S bond in combined cysteine and cystine is also confirmed because of the 
presence of pyruvic acid in glutathione and oxidized glutathione in irradiated 
wool [43]. 
According to this theory, the yellowing of wool is mainly due to the conversion 
of tryptophan residues to yellow photodecomposition products [47]. One of the 
pieces of indirect evidence is that a strong correlation was found between the 
initial tryptophan content and the rate of yellowing of a group of different keratin 
samples by Lennox and Rowlands [48]. Holt and Milligan [47] also consider that 
the serine and cystine residues are photooxidised to Į-formylglycine residues 
and threonine residues are photooxidised to Į-acetylglycine residues. 
However, no evidence for the presence of Į-ketoacids in wet wool after 
irradiation has been found although wet wool yellows faster than wool in the dry 
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state. Millington [2] suggested that taking the complex structure of wool keratin 
into consideration, there are many possible pathways for photoyellowing, and 
the mechanism via Į-ketoacid formation has more potential under dry 
conditions. 
B. Increased conjugation due to unsaturated groups (semiconductor theory, 
1974) 
As previously mentioned, there are large numbers of chromophores in wool 
keratin which contribute to the characteristic UV absorption of wool. However, 
for native wool, its light absorption cannot be simply ascribed to the summation 
of the absorptions of the constituent amino acids. It is found that the lowest 
wavelength limit of absorption of chromophoric groups, including cystine, 
tryptophan, phenylalanine and tyrosine, is 325 nm. This cannot account for the 
yellow colour of natural wool which shows strong absorption extending from 
300 nm, and extending well into the visible region [49]. 
Based on this anomalous absorption behaviour, Hoare proposed a semiconductor 
theory as an extension of the first mechanism [47]. He suggests there are many 
unsaturated groups, such as >C=CH2 and —CH=N— groups, as well as of Į-
ketoacyl groups [42, 43, 50] in wool keratin, which could increase the general 
level of conjugation in the wool structure [47]. In the crystalline regions, a small 
proportion of mobile electrons, which are loosely bound, might be capable of 
ready excitation into a common energy level or conduction band by irradiation, 
similar to semiconductor behaviour. During irradiation, a photon could be 
absorbed by this ‘newborn’ chromophore and cause migration of the excess 
electronic energy, which finally is converted to heat or results in chemical 
reactions and lead to the photolysis of the disulphide and other bonds in wool 
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[47]. In addition, the extended hydrogen-bonded network may assist this 
transference of electronic energy [51]. 
The chemical evidence for this comes from the electron spin resonance (ESR) 
spectrum of UV-irradiated carboxymethylated wool provided by Cosgrove et al. 
[50], who detected the glycyl radical originating from the loss of a hydrogen 
atom at the Į-carbon position of glycine. The authors also proposed the 
formation of an imine residue through further loss of hydrogen to form a C=N 
bond, which can conjugate with the adjacent carbonyl groups as part of a 1,3,5-
triene system and create a new chromophore that may be responsible for the 
radiation-induced yellowing of peptides and proteins, including wool and 
collagen [50]. However, the ESR spectrum in this study is quite different to those 
reported elsewhere and might be due to the differences in irradiation conditions 
used [26]. 
A later study on fluorescent products of amino acids in aqueous solution under 
Ȗ-irradiation conducted by Adhikari and Tappel [52] suggests the presence of a 
Schiff-base type linkage (a conjugated imine [2]), which is probably formed by 
conversion of some of the amino acids, including glutamic acid, phenylalanine, 
serine, arginine and methionine, to malonaldehyde and its subsequent reaction 
with other amino acid molecules. Interestingly, in this study, the Schiff-base 
fluorophores share a similar blue emission with visible fluorophores (365 and 
430nm) in reduced wool. 
This mechanism is likely to explain the reason why the photodegradation and 
photoyellowing of wet wool is much more rapid than wool in its dry state. It has 
been proved that an energy of 3eV, equivalent to radiation of 411 nm, is probably 
sufficient to photoexcite an electron into the conduction band of a protein [53], 
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and hydration can reduce this energy requirement and make the reaction easier 
[51]. This also explains that the photobleaching of wool tends not to selectively 
remove the violet/blue absorbers, but across the whole range of the visible 
spectrum, leading to an overall brightening. It can be interpreted as the 
abstraction of free electrons from the combined different chromophores which 
would be absorbing alone at different wavelengths [2]. 
One criticism of the semiconductor theory is that along with the breakdown of 
conjugated chromophores which constitute the unsaturated double bonds and 
cause the yellowing of wool, the discolouration could be weakened; however no 
evidence has yet been presented on any colour change that may occur under such 
condition [2]. 
C. Oxidation by singlet oxygen (1976) 
Singlet oxygen (1O2) is an electronically excited state of oxygen and is known 
to be a powerful oxidant [54]. Since it has been first suggested as an intermediate 
in dye-sensitized photooxygenation by Kautsky [55], it seems that singlet 
oxygen also plays an important role in the FWA-sensitized photoyellowing of 
wool [56]. 
The further study was undertaken by Nicholls and Pailthorpe, who first proposed 
the photooxidation mechanism of singlet oxygen [30]. During irradiation (Figure 
2. 13), energy transfer from aromatic amino acids, e.g. tryptophan (Trp) to 
tryptophan residues (1Trp*) results in the formation of triplet state tryptophan 
residues (3Trp*), which can be quickly quenched by atmospheric oxygen to 
produce the singlet-excited oxygen (1O2) entity. Then these highly active species 
can readily attack the amino-acid components of wool keratin, such as 
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tryptophan, histidine, methionine, and cystine, to form coloured oxidation 
products [30]. 
 
Figure 2. 13. Schematic of wool showing oxidation by singlet oxygen [30]. 
Some studies show that the photochemical reactions of tryptophan involve its 
triplet-excited state, which has been observed in a number of proteins including 
wool keratin when they are exposed to UV radiation [30, 54, 57]. According to 
the ratio of oxygen consumed by degradation of each molecule tryptophan, it is 
clearly indicated that the quenching process of triplet state tryptophan involves 
energy transfer with the formation of singlet oxygen, rather than direct oxidation 
[30]. 
Interestingly, a piece of direct evidence to support the formation of singlet 
oxygen, based on the emission detection of weak luminescence (maximum 
approximately 1270 nm) has been reported by Smith [54]. Although the wool 
had been irradiated under both 265 nm and 350 nm; the emission of singlet 
oxygen was only detected at 350 nm. Therefore, he suggests that [54] the shorter 
wavelength UV radiation can lead to a low triplet state yield or a low probability 
of energy transfer in the reaction of the triplet state with oxygen, the singlet 
oxygen is only produced by longer wavelength UV radiation. On this basis, he 
also proposes that the singlet oxygen is likely to cause photobleaching rather 
than the photoyellowing. In addition, the reason why wet wool undergoes more 
rapid yellowing is due to the fact that the singlet oxygen produced is likely to be 
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quenched by water rather than to bleach the photoproducts of the yellowing 
reactions. 
However this interpretation is still inadequate to explain why the photoyellowing 
of wet wool is more rapid than dry wool. The lifetime of singlet oxygen in water 
is 4.2 ȝs, compared with 14 ms in the gas phase [58]. Therefore singlet oxygen 
is soon inactivated during the reaction and unable to increase the yellowing rate. 
The study carried out by Millington and Kirschenbaum also indicates that 1O2 
cannot be involved in the wet photoyellowing of wool [59]. Besides, this theory 
fails to explain the improved photostability of some tryptophan-depleted wool 
fabrics [2]. Holt et al. reported that the tryptophan-depleted fabrics do not yellow 
less than untreated fabrics unless they are finished by addition of an fluorescent 
whitening agent before exposure, and the tryptophan residues are at least partly 
involved in the photoyellowing of both bleached and fluorescently whitened 
wool [60]. 
D. Formation of oxygen free radicals catalysed by trace metals (2002) 
As previously mentioned, free radicals are involved in the photoyellowing of 
wool keratin and this fact has been proved by ESR spectrometry [44]. Based on 
this, hydroxyl radicals have been detected in different types of fibres (including 
wool, cotton, nylon and polyester) under irradiation by UVA and blue light by 
Millington and Kirschenbaum, who also found that trace metal ions (particularly 
iron and copper) contributed to the generation of hydroxyl radicals in wool and 
cotton [59]. They suggested that the free radicals were formed as a consequence 
of the excitation of absorbing chromophores (Chr) in wool keratin, particularly 
in the UV region, which is responsible for both hydroxyl radical production and 
wet photoyellowing in all four fibre types. The free radical mechanism is known 
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to be a cause of the photodegradation of synthetic polymers. It seems feasible 
that the photodegradation of wool keratin might take place by a similar 
mechanism. The suggested route to hydroxyl radicals is via the superoxide 
radical anion, as shown in Figure 2. 14 [2]. 
 
Figure 2. 14. Proposed route to hydroxyl radicals via the superoxide radical 
anion [2].  
For wool and silk, it is known that tryptophan is photosensitive, from which 
superoxide and hydrogen peroxide can be directly generated under near-UV 
radiation (300 ~ 375 nm) [46, 61]. Then the superoxide anion undergoes 
dismutation to produce hydrogen peroxide, which can be photolysised with the 
formation of the strongly oxidizing hydroxyl radical. In the presence of trace 
metal ions, this process can be accelerated, which is similar to the Fenton 
reaction. According to the results obtained by inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) [59], the most important trace metal ions 
which contributed to the photoyellowing of wool are Fe (15 ppm), Cu (5 ppm) 
and manganese (2 ppm), and the increased concentration of hydroxyl radicals 
caused by the presence of Fe and Cu under irradiation at 366 nm was also 
established. In addition, an obviously lower concentration of hydroxyl radicals 
produced under blue light (20 ~ 40% of that produced by UVA) was also found. 
Even though the photoyellowing occurred concurrently during the 
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photobleaching under blue light, photobleaching was still in the predominant 
position because of the lower concentration of hydroxyl radicals [59]. 
According to this mechanism, hydroperoxides and oxygen free radicals are 
primarily responsible for the photoyellowing of wool, and the rate and extent of 
yellowing is significantly influenced by the rate of formation of ROS during the 
reactions. Therefore, the reason why the photoyellowing of wet wool occurs at 
a faster rate can be explained by the suggestion that, under wet conditions, the 
rate of formation of ROS is accelerated owing to the metal-catalysed generation 
of hydroxyl radicals in the presence of trace metal ions [2]. In a follow up study, 
they have reported an effective method to improve the photostability of FWA 
treated wool both under wet and dry conditions by using water-soluble anti-
oxidants and metal chelating agent together, rather than applying an anti-oxidant 
alone [28]. This can be thought of as lending strong support to the 
photoyellowing mechanism involving trace metals catalysis. 
(2) Factors affecting the yellowing rate in wool 
Although the mechanism of wool yellowing remains in doubt, some major 
factors which significantly affect the rate of photodegradation are shared, 
including the surrounding atmosphere, irradiation source and processing history 
of the wool. 
A. Presence of oxygen and water 
The influence of the surrounding atmosphere of proteins under irradiation is 
viewed as significant because of contributions either from oxygen or moisture 
from the air [27]. 
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It is known that photoyellowing of wool cannot happen without the presence of 
oxygen [26]. ESR spectroscopy has shown that there is a significant increase in 
the signal of expected quenching when the atmosphere was changed from 
nitrogen to air or oxygen during illumination [44]. This effect could be attributed 
to free radicals reacting with oxygen [62]. 
Moisture content in wool is another factor affecting the rate of photoyellowing. 
Although it is obvious that the yellowing of wet wool garments is much faster 
and much more severe than in the dry state when exposed to direct sunlight, the 
mechanism of accelerated photoyellowing in the wet state is still unknown. Both 
photooxidation mechanisms via singlet oxygen and oxygen free radicals suggest 
possible explanations. 
B. The wavelength and intensity of radiation light 
A highly complex mixture of CO2, CO, H2, H2O and COS with traces of H2S 
and CS2 has been detected in irradiated wool which had been exposed to UVC 
(254 nm) radiation [30, 63]. Unfortunately, no data related to the UVB 
wavelengths was recorded. For UVA (365 nm), only CO2 and CO were found, 
and under blue light (436 nm) CO2 only. Above 436 nm, no volatiles could be 
detected [26]. 
In addition, it is well known that exposure to sunlight not only causes 
discolouration but also losses in mechanical properties of wool, which is due to 
degradation of its cortical cells. Under UV light from solar irradiation, shorter 
wavelengths (< 320 nm) with higher energy show very limited penetration; 
whereas longer wavelengths with lower energies are able to pass through the 
cuticle cells easily, and this more deeply penetrating radiation is considered as 
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the cause for the loss of fibre tensile strength. An assumption based on research 
on the transmission of UV light on stratum corneum keratin suggests that 60 ~ 
90% of the UVB irradiation is absorbed by the fabric surface, while the 
absorption of UVA radiation is only 25 ~ 40% and most of the radiation would 
penetrate further into underlying fibres where it could cause more damage [2]. 
C. Pre-treatment on wool 
For the wool industry, whiteness is an extremely significant factor that has 
affected wool’s value in some product areas, so whiteness is usually increased 
using chemical bleaching and FWA treatment. However, both bleaching and 
FWA treatments cause unexpected problems. According to the previous studies 
[64-66], bleached and FWA whitened wool yellows faster than natural wool, 
which occurs even faster under wet conditions (Figure 2. 15) [2, 13]. 
 
Figure 2. 15. Effect of water, peroxide bleaching and bleaching/FWA treatment 
on the rate of photoyellowing of wool irradiated in sunlight [2]. 
A study [67] has shown that the reason why FWA treatment greatly accelerates 
wool yellowing is because of interactions between aromatic rings of the FWA 
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with tyrosine, tryptophan and phenylalanine residues in wool. FWA is the 
primary absorbing species and transfers energy to the chromophores in the near 
UV region so that wool yellows during irradiation. As to bleached wool, due to 
the destruction of the original yellow chromophores, the yellowing process is 
much more obvious than with natural wool which is already yellow [13]. In 
addition, heat [68, 69] and high pH values [70, 71] during the finishing process 
are not only causes of yellow discolouration during the process of treatment, but 
they also accelerate photoyellowing in extended usage [72]. 
2.2.2.2 Wool photobleaching 
Sunlight contains both UV and blue light wavelengths, while wool yellows 
under the UV exposure and yellow wool is bleached by blue light. This latter 
effect is known as photobleaching or photofading. The blue light selectively 
destroys the yellow chromophores and transforms them into colourless matter, 
thereby increasing the reflection of blue light and hence gives improved 
whiteness [37, 38, 51, 73]. All wool, including bleached wool, will photobleach 
to some degree, but the extent and rate of photobleaching is influenced by the 
many factors, such as the initial colour of the wool, the depth of any dyestuff 
present and its hue, as well as the wavelength distribution of the radiation source 
[51, 72]. 
It has been found that photobleaching is less of a problem with carpets dyed to 
shades greater than 1/12 standard depth. Green and blue shades tend to highlight 
photobleaching more than redder shades; and beige is particularly sensitive to 
photobleaching. In addition, the yellowing resulting from processing, for 
example, dye bath yellowing and heat yellowing, will rapidly photobleach. 
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For wool fibres, the maximum yellowing occurs at wavelengths shorter than 311 
nm [37]. Between 331 ~ 338 nm, both yellowing and bleaching occur 
simultaneously, the yellowing becomes noticeable in the first few minutes of 
exposure followed by the bleaching [74]. The most effective wavelengths for 
photobleaching are in the range from 400 nm to 450 nm [38], and that is why the 
photobleaching of wool carpets often becomes an issue. The filtration of window 
glass, which attenuates the wavelengths of light below 350 nm, decreases 
photoyellowing but allows photobleaching [26]. 
2.3 Photoprotective treatments for wool 
Over the years, many efforts have been made to clarify the mechanism of wool 
photoyellowing, while other studies have been directly focused on protective 
treatments. In contrast with synthetic fibres with which protective agents can be 
blended at the extrusion stage, the photostability of wool fibre is usually 
improved using finishing treatments [13]. However, due to limited 
understanding about the problems, prevention methods are still unsatisfactory. 
2.3.1 Application of UV absorbers 
The protective mechanism of applying UV absorbers on the surface of wool 
fibres is by absorbing the harmful UV radiation and dissipating the energy in 
some innocuous form [75], such as heat. Sometimes, a sulphonate group is also 
introduced into the structure of the absorber to enhance the water-solubility and 
washing fastness after application. Although UV absorbers have been applied to 
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many textiles successfully for neutralizing the wavelengths for photofading of 
dyes [76]; for wool yellowing, there are still many challenges. 
In the early work, certain sulphonated derivatives of Ƞ-hydroxybenzophenone 
were found to protect wool against photoyellowing under artificial sunlight, and 
the performance was satisfactory [75]. However, this type of UV absorbers has 
poor washing fastness and they do not significantly improve the light fastness of 
acid dyes on wool [77]. Then, compounds with the structure of sulphonated 
hydroxyphenyl benzotriazol were developed as improved products [78, 79], this 
type of UV absorber employs a tautomeric shift based on intramolecular 
hydrogen bonding as means to dissipate the absorbed UV energy (Figure 2. 16) 
[80]. 
 
Figure 2. 16. The two conformational isomers of sulphonated hydroxyphenyl 
benzotriazol [80]. 
A certain degree of success in preventing wool yellowing by applying a 2-(2’-
benzotriazolyl)-phenol/polymer mixture on a fabric surface was obtained by 
Evans and Waters [81], who also suggested that the level of protection depended 
on the concentration of 2-(2’-benzotriazolyl)-phenol and the nature of the 
polymer. The most successful UV absorber of this type was commercialised in 
1990 by CSIRO and is known as ‘Cibafast W’ [3]. This product has shown 
effectiveness in improving the light fastness of natural wools. However, it is 
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more suitable for preventing phototendering rather than photoyellowing [2]. In 
addition, its application to bleached wool was not satisfactory due to the decrease 
in whiteness caused by its absorption of blue light; also it could not be used on 
FWA-treated wool as it blocks excitation wavelengths of FWA, like most of the 
UVA absorbers [3]. 
Inorganic UV absorbers usually are certain semi-conductor oxides, such as ZnO 
and TiO2, which show nontoxicity, chemical stability at high temperature, and 
permanent stability under UV exposure [82]. Montazer and Pakdel [83] showed 
that TiO2 nanoparticles could protect wool fabric against yellowing to some 
extent, and the effect depended on the dosage of TiO2. With ZnO nanoparticles, 
similar reports of applications on many types of fabrics also can be found [84, 
85]. However, because they are semi-conductors, the photocatalytic activity of 
nano-scale ZnO and TiO2 crystals cannot be ignored. 
Theoretically, the process of free radical production can be accelerated in 
photosensitized UV absorbers due to their photocatalysis. This assumption has 
readily been proved during study of the application of ZnO nanoparticles to wool 
fabric [84]. In addition, poor durability on wool fibres is another drawback of 
these inorganic UV absorbers. Because of the lower chemical activity of 
inorganic components, interactions between wool and these nanoparticles are 
too weak to be durable. For example, although an additional cross-linking agent 
was applied with TiO2 nanoparticles [83, 86]; significant numbers of 
nanoparticles were removed during washing of the fabric. 
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2.3.2 Protective treatments with reducing agents, antioxidants 
and metal chelators 
Based the known facts, one approach to suppress the chemical degradation of 
wool under irradiation would be to employ reagents that can eliminate free 
radicals or reduce oxidation products or retard the degradation reactions, which 
include antioxidants, reducing agents and metal chelators. 
In 1970s, the prevention of photoyellowing of FWA treated wool was attempted 
by Holt et al. through applying three different types of reducing agents, including 
thioglycolic acid, sodium sulphite and trishydroxymethylphosphine [87]. In this 
study, the reducing agents showed much more effectiveness in aqueous solution 
than in the dry state, except with tetrakishydroxymethylphosphonium chloride 
(THPC). However, the treatments were still unsatisfactory due to their poor 
washing fastness and high dosage requirements.  
In other studies, the efficacy of water-soluble antioxidants of the hindered phenol 
type has also been evaluated. Auer and Pailthorpe [88] found that a sulphide type 
antioxidant could retard sensitized photoyellowing of whitened wool fabric in 
the wet state, while the hindered phenol had a similar effect in the dry state. 
Synergism between UV absorbers and antioxidants has been studied by Carr and 
Leaver [89], who found that the photoprotection on wool afforded by UV 
absorbers can be greatly improved in the presence of hindered phenol type 
antioxidants. Unfortunately, the hydrophobic nature of the antioxidants limited 
the practical applications of this approach [88]. 
Metal chelators have also been used for the photoprotection of wool in 
combination with UV absorbers and antioxidants. For example, a nickel chelate 
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([2,2'-thiobis(4-tert-octylphenolato)]-n-butylamine nickel]) was used in Auer 
and Pailthorpe’s research, and was found to be effective under both wet and dry 
conditions to a certain extent [88]. Recently, a combination of water-soluble 
antioxidants (L-ascorbic acid and N-acetyl cysteine) and a metal chelator (oxalic 
acid) has been applied on the FWA treated wool by Millington [28], who found 
an improvement in the photostability of wool under both wet and dry conditions. 
These findings also appear to provide evidence for the mechanism of wool 
photoyellowing via the formation of oxygen free radicals catalysed by trace 
metals. 
2.3.3 Some other photoprotective treatments 
It has been found that photoyellowing of wool can be slightly reduced through 
treatments with some chemicals, including formaldehyde, methyl isocyanate, 
cyanide and S-methylthioglycollic anhydride [90]. 
A typical treatment is the application of thiourea/formaldehyde (TUF) resin on 
wool, which provided a considerable degree of protection against 
photoyellowing, particularly in the wet state [91]. The advantages of this 
treatment are the negligible influence on handle and the colour of the wool; 
however a disadvantage is the significant decline in the protective effect after 
the first laundering. The protection mechanism has been studied by Leaver [92], 
who proposed that the photostabilization is a coalition of quenching of singlet- 
and triplet-excited species in UV light and sensitization of photobleaching in 
visible light, and it is markedly dependent on the composition of the light source. 
In addition, the treatment possibly involves a reducing mechanism by releasing 
a strong reducing agent (sulphinic acid) when the thiourea formaldehyde 
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polymer was oxidized, as shown in Figure 2. 17 [2]. Because thiourea is now 
classified as a carcinogenic substance by the U.S. Food and Drug Administration 
(FDA), this application is no longer used. The same phenomenon goes for the 
other above mentioned chemical treatments, since all these chemicals are 
regarded as too dangerous for commercial use. 
 
Figure 2. 17. Proposed route to releasing sulphinic acid via the oxidation of 
thiourea formaldehyde polymer [2]. 
2.4 UV absorbers 
As previously mentioned, UV absorbers are organic or inorganic compounds, 
which can absorb harmful UV radiation and dissipate the absorbed energy as 
heat [75]. In the best case, they can absorb all UV light wavelengths (< 400 nm), 
and are transparent to all visible light wavelengths (> 400 nm) at the same time 
[93]. 
2.4.1 Organic UV absorbers 
The principle for organic UV absorbers is based on their own large conjugate 
system (e.g. aryl ring). It gives the substance ability to dissipate the absorbed 
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UV energy via intra-molecular tautomerisation between a ground state and an 
excited state [94].  
Owing to the unique absorption bands for different conjugated systems, organic 
UV absorbers only absorb UV light over a narrow band of wavelengths, so they 
can be categorized as either UVA or UVB types of absorbers. Typical chemical 
structures of UVA absorbers include benzophenones, anthranilates and 
dibenzoylmethanes; whilst 4-aminobenzoic acid derivatives, salicylates, 
cinnamates and camphor derivatives are UVB absorbers. They are relatively 
cheap and generally transparent in the visible region and are widely applied in 
many consumer products such as sunscreens, food-packaging and textiles [95, 
96]. 
However, organic UV absorbers must be applied in combinations owing to their 
narrow UV absorption bands and low sun protection factor (SPF) values [97], 
There is also a risk that these chemicals may produce allergic reactions in people 
[98, 99]. In addition, because of the instability of molecular structures, they 
cannot stand long term under UV irradiation, and ultimately will be destroyed 
by the energy they absorb [100]. 
2.4.2 Inorganic UV absorbers 
Inorganic UV absorbers usually are semi-conductor oxides, such as TiO2 and 
ZnO, which have many merits as eco-friendly materials compared with organic 
UV absorbers. They not only have broad UV absorption bands, but also have 
low irritancy and low-cost, high temperature chemical stability and permanent 
stability under UV exposure [82, 101]. In contrast with the purely UV absorption 
C H A P T E R  T W O  
- 38 - 
of organic UV absorbers, inorganic UV absorbers can attenuate UV light by both 
absorption and scattering. 
As semi-conductor oxides, both TiO2 and ZnO have photoelectric responses to 
UV light. The band gap energies of TiO2 and ZnO (TiO2 3.0-3.4 eV, ZnO 3.2-
3.3 eV) [4, 102] allow electrons to be excited from the valence to the conducting 
bands, with the generation of a positive hole in the valence band when they 
absorb UV rays [4]. The newly generated electron and hole pair can either 
recombine with the evolution of heat, or both species can react with water or 
oxygen at the surface of the particles to produce ROS, including superoxide and 
hydroxyl radicals, as shown in Figure 2. 18 [103, 104]. This is so called 
photocatalytic activity, which results in many applications of TiO2 and ZnO, in 
products such as biosensors, supercapacitors, solar cells, self-cleaning surfaces 
and photocatalysis agents [105-109]. Since the band gaps of TiO2 and ZnO lie 
in the UV region, the optical and biologically benign properties of TiO2 and ZnO 
also make them suitable for UV protection products. 
 
Figure 2. 18. Generation of ROS by interaction of UV with ZnO and TiO2 [103, 
104]. 
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It is worth pointing out that there are three different crystalline forms of TiO2: 
rutile, anatase and brookite, in addition to an amorphous phase. The fundamental 
structure units in the three types of TiO2 crystals are all [TiO6] octahedrons, but 
the modes of arrangement are different, which are shown in Figure 2. 19 [110]. 
Presently only the rutile (bandgap energy ~3.0 eV, and absorption onset at 415 
nm) and anatase (bandgap energy ~3.2 eV, and absorption onset at 387 nm) 
polymorphs have been reported to be used in sun care products [111]. It is also 
suggested that rutile is more suitable as a UV absorber than anatase, as it shows 
boarder UV absorption and lower photocatalytic activity [103, 104, 112, 113]. 
 
Figure 2. 19. Planar Ti3O building-block representations (left) and TiO6 
polyhedra (right) for the TiO2 phases (a) rutile, (b) anatase and (c) brookite (Ti 
(white); O (red)) [110]. 
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Figure 2. 20 shows the scattering efficiency of TiO2 and ZnO calculated using 
an integrated value for the wavelength of white light. As one of the whitest 
materials known to exist on earth, TiO2 with its high refractive index (2.90 for 
rutile) is even more reflective than diamonds. It is suggested that ZnO efficiently 
absorbs radiation over virtually the whole UV region (380 nm and shorter). TiO2 
is predominately a very efficient UVB absorber, but a UVA scatterer. At a 
wavelength of 360 nm, about 90% attenuation of TiO2 is by scattering, whereas 
about 90% is due to absorbance for ZnO [114]. 
 
Figure 2. 20. Comparison of the scattering efficiencies of TiO2 and ZnO, 
TiO2/water —–––, ZnO/water —Ɣ— [114]. 
Therefore, the combination of absorption and scattering leads to a ‘broad 
spectrum’ (UVA and UVB) coverage of inorganic UV absorbers. Large scale 
TiO2 and ZnO particles (micron size) have been used as inorganic UV blocking 
materials for many years. However, these applications are limited due to their 
markedly white appearance caused by the pigment’s highly efficient scattering 
of visible light [115]. 
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With the development of nanotechnology, it is now possible to achieve high 
transparency together with high UV shielding ability by using ultra-fine TiO2 
and ZnO particles [95]. According to Rayleigh’s scattering theory, the 
characteristic white colour of TiO2 and ZnO can be severely weakened if the 
particle size is reduced to the nano-scale, which means the materials become 
‘transparent’ to visible light whilst its UV absorbance is still maintained [115]. 
Figure 2. 21 shows the respective change of attenuation of pigmentary TiO2 and 
ZnO materials. 
 
Figure 2. 21. (a) Curve x, pigment particles and curve y, fine particles of TiO2, 
(b) curve x, pigment particles and curve y, fine particles of ZnO [115]. 
Unfortunately, with the particles size decreased, the photocatalysis effect is also 
remarkably enhanced [116, 117]. Nano-scale TiO2 and ZnO particles not only 
show excellent UV blocking ability and transparency in the visible region, but 
they also can produce highly reactive free radicals due to strong photocatalysis 
effects. It has been suggested that the ROS generated by photocatalysis effect 
from TiO2 and ZnO are cytotoxic and/or genotoxic, and are harmful to humans 
[111, 118, 119]. As a result, the existing and promising applications of nano-
scale TiO2 and ZnO in the UV protection area are sometimes inhibited by the 
strong photocatalytic activity of the nanoparticles [97, 120-124]. 
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Hence, it is essential to reduce the photocatalytic activity of nano-scale TiO2 and 
ZnO while maintaining the high UV absorbance and visible transparency of 
these materials. Previous work has demonstrated that the suppression of 
photocatalytic activity of nano-scale TiO2 can be realised by impurity doping 
[125-127] and coating the surfaces of the nanoparticles with various materials 
[128-131]. Suitable coating materials have included polymer, alumina and silica 
[115, 128, 129, 132-134]. With its high stability against biodegradation and low 
cost, silica is an ideal coating material. Jaroenworaluck et al. have coated an 
amorphous silica layer around commercial P25 TiO2 nanoparticles using 
tetraethoxysilane and this product has been used in sunscreen cosmetic 
applications [128]. Similar reports also can be found in the work of Siddiquey et 
al. [115], Kato et al. , and Feng et al. [129]. Although those groups found that 
silica coated TiO2 nanoparticles demonstrate reduced photocatalytic activity, it 
is still a big challenge to completely eliminate the photocatalytic activity of TiO2 
nanoparticles without affecting the high levels of UV absorption and visible 
transparency of the material after silica coating. 
2.5 Summary 
Photoyellowing of wool is a complex chemical process and can take place 
through many different reaction pathways due to the complexity of the wool 
chemical structure. Generally, the process is a kind of oxidation of wool keratin 
introduced by UV light, with the formation of yellow chromophores as the 
oxidized products. Wool yellowing can be accelerated by many factors, such as 
the presence of moisture and pre-treatments including bleaching and whitening. 
Although this problem has been studied for more than half a century, and several 
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different types of mechanisms have been proposed, none is completely 
satisfactory to account for all the observed behaviour. 
At the same time, many efforts have been made to prevent wool yellowing from 
occurring. Various types of UV absorbers and antioxidants, different chemical 
treatments have been devised to prevent or retard this reaction based on the facts 
known. However, the effect of all these is limited. 
Therefore, there is still a major challenge to produce bright and white 
photostable wool fabrics for the wool industry. Considering all the methods that 
have been investigated, the application of inorganic UV absorbers could be a 
practical approach due to their low toxicity, high photo- and thermo-stability and 
excellent UV absorption. However, some specific problems have to be solved as 
a priority, including decreasing the photocatalytic activity and improving the 
fastness of this type of UV absorbers. Those two aspects are the focus of this 
study. 
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Chapter 3. Materials, Characterisation 
Methods and Wool Fabric Treatments 
In this chapter, materials that have been used in experiments are listed, and the 
characterisation methods and treatments of wool fabrics are introduced. 
3.1 Materials 
3.1.1 Chemicals 
Tetrabutyl titanate, an aqueous hydrochloric acid (HCl, 35 wt.%), nitric acid 
(HNO3, 68 wt.% ), sulphuric acid (H2SO4, 98 wt.%), acetic acid (100 wt.%), an 
aqueous ammonia solution (NH3·H2O, 30 wt.%), sodium hydroxide (NaOH), N, 
N - dichloroisocyanuric acid (DCCA), tetrasodium pyrophosphate, sodium 
hydrosulphite, sodium acetate, hydrogen peroxide (H2O2, 35 wt.%), commercial 
P25 TiO2 (80% anatase and 20% rutile, 21 nm particle size), ethanol (100 wt.%), 
hexane (100 wt.%), tetraethylorthosilicate (98 wt.%), polyvinylpirrolidone 
(Mw=1 300 000), tetrahydrofuran (100 wt.%), and Rhodamine B were 
purchased from Sigma-Aldrich (Australia). Zinc acetate di-hydrate 
(Zn(Ac)2•2H2O) was purchased from AJAX Chemicals Ltd. (Australia). 
Cibafast W, Uvitex NFW, Albaflow CIR, Albegal A, Balevalan Spa were 
obtained from Ciba-Geigy (Switzerland). Verolan NBO was purchased from 
Rudolf Chemie (German). Lissapol N450 Imperial Chemical Industries 
(British). Sylgard 186 silicone elastomer base and Sylgard 186 silicone 
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elastomer curing agent were purchased from Dow Corning (United States). All 
the chemicals were analytical reagent grade and used as received. Deionized 
water was used throughout all the experiments. 
3.1.2 Fabrics 
A 100% wool fabric (195 g/m2), undyed, plain weave, made from 19.5 ȝm of 
Australian merino wool top was obtained from CSIRO Waurn Ponds 
Laboratories. 
3.2 Characterisation methods 
3.2.1 Transmission electron microscopy (TEM) 
TEM images were obtained using a JEOL-2100F TEM (JEOL, Japan) with a 
Gatan image filter, at an accelerating voltage of 200 keV. The samples were first 
diluted with ethanol, then deposited onto carbon-coated copper grids and dried 
in air before examination. 
3.2.2 Scanning electron microscopy (SEM) 
SEM images were obtained with a ZEISS Supra 55 SEM VP microscope (Karl 
Zeiss, Germany). Samples were coated with carbon using a Bal-Tec SCD 050 
sputter coater (BAL-TEC, Germany) before images were taken. All images were 
taken at a voltage of 5 keV. Energy dispersive X-ray mapping was also carried 
out using the SEM ZEISS Supra 55 SEM VP. 
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3.2.3 Energy dispersive X-ray spectroscopy (EDX) 
Elemental analysis of the surface of samples was completed by using energy 
dispersive X-ray spectroscope (Oxford Instruments, UK) with an accelerating 
voltage of 15 kV and work distance of 8 mm. Six randomly selected points in 
each specimen were chosen to analyse. 
3.2.4 X-ray powder diffraction (XRD) 
The Crystalline structures were characterized using a Phillips PW-1729 
diffraction camera (Phillips, Holland) using Cu kĮ radiation. Samples were 
scanned at 0.5 degrees per minute with a step of 0.02 degrees at 40 kV. 
3.2.5 Optical property 
3.2.5.1 Liquid-phase UV/Vis absorption 
The UV absorption and visible transparency of the samples in the liquid-phase 
(dispersion or solution) were obtained by using a Varian Cary 3E UV/Vis 
spectrophotometer (Varian, United States). The range of wavelengths was from 
200 nm to 700 nm. 
3.2.5.2 Solid-phase UV-Vis reflectance 
Reflectance spectra of fabrics were obtained using the above Varian Cary 3E 
UV/Vis spectrophotometer equipped with an integrating sphere (aperture size 
1.5 cm in diameter) covering the wavelength range from 200 nm to 700 nm. The 
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instrument was first calibrated using a standard white board, and then 
conditioned samples were loaded in the port of the integrating sphere for testing. 
3.2.5.3 Photocatalytic activity of inorganic UV absorbers 
The photocatalytic activity of the nanoparticle preparations was evaluated by the 
photodegradation of Rhodamine B in water. The nanoparticle preparations were 
added to Rhodamine B aqueous solution (5 mg/L). The concentrations were kept 
constant at 0.16 g/L of TiO2 and 0.2 g/L of ZnO. In each case, the solution was 
stirred constantly for 1 h in the dark to achieve adsorption-desorption of 
Rhodamine B molecules on the surfaces of the nanoparticles before illumination. 
Subsequently, the suspension was irradiated with simulated sunlight using an 
Atlas Suntest CPS1 instrument (Ametek, United States) equipped with 1500 W 
air cooled xenon arc lamp (light range 300~800 nm wavelengths) and a filter 
(coated quartz dish). The temperature inside the box was 35 ºC, and the radiation 
dose was 250 W/m2. The dye concentration in solution was indicated by the 
absorbance at 554 nm of the dye solution. The change of dye concentration under 
UV irradiation could be used as a measure of the photocatalytic activity. At given 
intervals during irradiation, 4 mL of the suspension was extracted and then 
centrifuged to separate the nanoparticles from the supernatant solution. UV-Vis 
absorption spectra of the supernatant were measured using the Varian Cary 3E 
UV/Vis spectrophotometer. 
For ZnO catalyst system, the experiment was carried out as above but the 
concentration of ZnO was kept at 0.2 g/L. 
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3.2.6 UV protection factor (UPF)  
The capability of the treated fabrics to block UV rays was measured by a UV 
protection factor instrument (Fangyuan Instruments, China). Five randomly 
selected areas in each specimen were chosen for analysis. 
3.2.7 Evaluation of photoyellowing 
Before irradiation, all specimens were conditioned for 24 h in darkness at 65 ± 
2% relative humidity and 25 ± 2 °C. 
3.2.7.1 Simulated solar irradiation in the dry state 
The treated fabrics samples were directly exposed in an Atlas Suntest CPS1 
instrument equipped with 1500W air-cooled xenon arc lamp (light range 
300~800 nm wavelengths). Filter B was chosen, the temperature inside the box 
was 35 Ԩ, and the dose was 350 W/m2. The discolouration level of fabric 
samples was measured every 24 h, and the total irradiation time was 168 h. A 
blank sample was exposed under the same conditions as the control. 
3.2.7.2 Simulated solar irradiation in the wet state 
The irradiation of wet samples was carried out in the same instrument as above. 
Before irradiation, each sample was sealed in a transparent plastic bag in which 
there was 0.195 mL of deionised water (the same weight as the fabric). The wet 
fabric samples were also kept in darkness for 24 h before exposure. Owing to 
the fast yellowing rate when fabrics were wet, the discolouration level of fabrics 
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samples was measured every hour, and the total irradiation time was 5 h. An 
untreated control sample was subjected to the same procedure. 
3.2.7.3 Colour measurements 
The level of photoyellowing of the wool fabrics during the photoyellowing 
process was evaluated by the changes in the whiteness and yellowness index 
values (ASTM E313) before and after artificial sunlight irradiation [135]. The 
more severe the yellowing, the higher the value of yellowness and the lower the 
value of whiteness. The values were determined with a Datacolor SF 600 Plus-
CT Spectraflash spectrophotometer (Datacolor, United States). 
3.2.8 Washing durability  
The washing durability is an important criterion that affects the practical 
applications of UV absorbers. In this study, washfastness was evaluated by 
following the standard procedure described in the AATCC (American 
Association of Textile Chemists and Colorists) Test Method 61-2010. It was an 
accelerated laundering tests which were used to evaluate the colourfastness to 
laundering of textiles that are expected to withstand frequent laundering. The 
fabric colour loss and surface changes resulting from exposure to detergent 
solution and abrasive action equivalent to five typical hand washings, with or 
without chlorine, are roughly approximated by one 45 min test. Because wool 
fabrics were sensitive to high temperature laundering, the test No. 1A with a 
minor modification was selected as the reference. Specifically, the test was 
performed using a Fong’s SDM2-12-140 laboratory dyeing machine (Fong’s 
National Engineering Co. Ltd., Hong Kong) equipped with 300 mL stainless-
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steel lever-lock canisters. The fabric samples (size: 50 mm × 100 mm, edges 
were overlocked) was laundered in 200 mL of aqueous solution containing 
0.37% (w/w) AATCC standard reference detergent WOB and 10 stainless steel 
balls. During laundering, the temperature was controlled at 45 °C. After 45 min 
of laundering, the laundered sample was rinsed with deionised water, and then 
dried at room temperature without spinning. The solid-phase UV-Vis reflectance 
spectra were then measured. As previously mentioned, this standard laundering 
procedure is equivalent to five cycles of hand washings. For convenience, 
equivalent number of hand washings was used in this thesis. 
3.3 Wool fabric treatments 
In this study, two types of fabrics namely bleached and FWA treated wool 
fabrics were investigated. The undyed fabric was as the starting fabric and 
samples of this were bleached and FWA treated as described below. 
3.3.1 Scouring of wool fabric 
Before any finishing treatments, the fabric was scoured in a Fong’s SDM2-12-
140 laboratory dyeing machine. Scouring was carried out in an aqueous solution 
containing 1 g/L non-ionic surfactant, Lissapol N450, with a liquor to goods 
ratio of 20:1. The fabric was immersed and heated to 60 ºC at 1 ºC/min. After 
running for 60 min, the bath was cooled to room temperature, and then the 
fabrics were washed with deionised water and air dried. 
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3.3.2 Chlorination of wool fabrics  
Chlorination as a shrink proofing treatment was carried out on scoured fabric by 
using the Basolan exhaust method. The bath was set at a 30:1 liquor to goods 
ratio and the pH adjusted to a value of 4.5 using acetic acid. DCCA (3.5% o.w.f.) 
was firstly dissolved in cold water over a period of 15 min and then added slowly 
to the bath. After running for 40 min all the chlorine was exhausted and the fabric 
was removed and rinsed three times in deionised water for 15 min and air dried. 
3.3.3 Bleaching of wool fabric 
The chlorinated fabric was further bleached in the same machine and at the same 
liquor ratio as used in the scouring process. A peroxide bleaching procedure 
using hydrogen peroxide was employed. The bath was firstly set at 40 °C with 
14 g/L H2O2, 1g/L tetrasodium pyrophosphate and adjusted to pH 8.5-9.0 with 
dilute ammonia solution and the temperature was then raised to 60 ºC at 1 
ºC/min, and held at this temperature for 60 min. After cooling, the fabric was 
rinsed three times with deionised water for 10 min and then air dried. 
3.3.4 Fluorescent whitening of wool fabric 
Fluorescent whitening agent was applied to the bleached fabric to further 
improve the whiteness by use of the same machine and liquor ratio as previously. 
The bath was firstly set at 40 °C with 1 g/L tetrasodium pyrophosphate, 0.3 g/L 
Verolan NBO, 2 g/L sodium hydrosulphite, 0.25% on weight of fabric (o.w.f.) 
Balevalan Spa, 2% o.w.f. Uvitex NFW, and the pH was adjusted to 5 with dilute 
acetic acid. The bath was heated to 60 ºC at 2 ºC/min, and held at this temperature 
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for 60 min. After cooling, the fabric was rinsed three times with deionised water 
at 40 ºC for 10 min and then air dried. 
3.3.5 Finishing with Cibafast W 
For the purpose of comparison, an organic UV absorber treated control sample 
was also prepared by applying Cibafast W to a sample of bleached wool fabric 
in the same machine and with the same liquor ratio as in the scouring step. The 
bath was firstly set at 40 °C with 0.5 g/L Albaflow CIR, 1% o.w.f. Albegal A, 
1% o.w.f. sodium acetate, 2% o.w.f. Cibafast W, and adjusted to pH 4.5 ~ 5.5 
with acetic acid. The bath was heated to 100 ºC at 2 ºC/min, and held at this 
temperature for 30 min. After cooling, the fabric was rinsed three times with 
deionised water at 40 ºC for 10 min and then air dried. 
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Chapter 4. Fabrication of TiO2@SiO2 
Nanoparticles with Lowered Photocatalytic 
Activity 
In this chapter, fabrication of mono-dispersed core-shell structured TiO2@SiO2 
nanoparticles (NPs) is described. The method was based on a two-step sol-gel 
process. Firstly mono-dispersed rutile-type TiO2 NPs were prepared by using a 
hydrothermal process started from amorphous TiO2, then SiO2 shells were 
coated onto the surfaces of the rutile nanoparticles. The conditions for generating 
mono-dispersed phase-pure rutile type nanocrystallites were studied. The 
relationships between UV blocking efficiency, visible efficiency, transparency 
of solution, photocatalytic activity, particle size and phase type of the core-
particles, as well as the silica shell thickness were also investigated. The XRD 
patterns were used to determine the phase type of the core TiO2 NPs. TEM 
observations revealed clearly that core-shell structured mono-disperse 
nanoparticles were fabricated by this method. It was found that the balance 
between UV blocking ability, visible transparency of solution and photocatalytic 
activity could be varied by manipulating the size of the core TiO2 particles and 
the thickness of the silica shells. 
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4.1 Experiments 
4.1.1 Synthesis of core TiO2 NPs 
Amorphous TiO2 was used as the starting material and prepared by the following 
route. In a typical run, 1 mL of tetrabutyl titanate was dissolved in 10 mL of 
ethanol using ultrasonic vibration for 5 min, to form a homogeneous solution. 
Then 20 mL H2O was added dropwise into the ethanol solution with vigorous 
stirring. The resulting white precipitate was collected by centrifugation, washed 
with deionized water, and dried in air at room temperature overnight. The 
precipitate is hereafter denoted as Am. 
The Am was peptised using the following procedure. The Am precipitate was 
dissolved in a certain amount of HNO3, H2SO4 or HCl to form a clear solution, 
which was then diluted to 100 mL using deionized water. After ultrasonication 
for 30 min, the solution was transferred to a 250 mL three-necked flask, refluxed 
at 100 ºC for 8 h, and then cooled to room temperature. The solid product was 
collected by centrifugation, washed with deionized water, and dried in air at 
room temperature. 
A different procedure was carried out at room temperature in the presence of 
HCl. 100 ml of the diluted solution was transferred to a 250 mL three-neck flask 
and heated at 60 ºC for 5 min, then quickly cooled to room temperature. After 
up to 12 days stirring, the solid product was collected by centrifugation, washed 
with deionized water, and dried in air at room temperature. 
The influence of acid type, acid usage, reaction temperature and time on the 
phase, morphology, and particle size of prepared TiO2 crystalline was examined 
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through above two groups of synthesis. Detailed description is reported in Table 
4. 1. 
Table 4. 1. Detailed sample preparation information. 
Sample Peptiser/Volume Details 
A1 HNO3/1mL 100 ºC for 8 h 
A2 HNO3/5mL 100 ºC for 8 h 
A3 H2SO4/1mL 100 ºC for 8 h 
A4 H2SO4/5mL 100 ºC for 8 h 
A5 HCl/1mL 100 ºC for 8 h 
M1 HCl/2.5mL 100 ºC for 8 h 
R1 HCl/5mL 100 ºC for 8 h 
R2 HCl/5mL 
Refluxed at 60 ºC for 5 min and then was 
cooled to room temperature quickly. 
Stood for 3 days. 
R3 HCl/5mL 
Refluxed at 60 ºC for 5 min and then was 
cooled to room temperature quickly. 
Stood for 7 days. 
R4 HCl/5mL 
Refluxed at 60 ºC for 5 min and then was 
cooled to room temperature quickly. 
Stood for 12 days. 
C H A P T E R  F O U R  
- 57 - 
4.1.2 Silica coating on TiO2 NPs 
The encapsulation of TiO2 NPs with SiO2 shells was carried out by using the 
Stऺber method [1] in a mixed solution of ethanol and water at room temperature. 
A typical process was as follows: 20 mg of prepared TiO2 NPs were redispersed 
in 3 mL of deionized water, followed by addition of 0.5 mL of ammonia 
dissolved in 15 mL of ethanol, and the mixture was stirred for 10 min. This 
dispersion was subsequently added to a mixture of 0.1 mL tetraethylorthosilicate 
and 4 mL of ethanol at room temperature with magnetic stirring. The reaction 
system was aged for different durations up to 15 h. The resulting composite 
nanoparticles were separated by centrifugation, washed with deionized water, 
and dried in air at room temperature. 
4.2 Results and discussion 
4.2.1 Synthesis of core TiO2 NPs 
As a bulk material, rutile is the stable phase; however, solution-phase 
preparation methods for TiO2 generally favour the anatase structure. These 
observations are attributed to two main effects: surface energy and precursor 
chemistry. At very small particle dimensions, the surface energy is an important 
part of the total energy and it has been found that the surface energy of anatase 
is lower than that of rutile and brookite [136]. Besides that, the acid type and its 
amount also have a strong influence on the process of crystallisation. The 
optimized conditions for synthesizing phase-pure rutile type TiO2 NPs in a 
mono-dispersion will be discussed below. 
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4.2.1.1 Crystallographic phases 
The XRD patterns shown in Figure 4. 1, indicate that the commercial P25 TiO2 
is mainly anatase type with minor amounts of rutile type crystals, which actually 
corresponds with the product description. The TiO2 powder preparations 
described above under different conditions mainly show anatase and rutile type 
crystal type structures, and no brookite type crystals were observed. All patterns 
can be attributed to a tetragonal structure. The starting material Am does not 
show any peaks, which means that sample shows no crystalline characteristics 
and is probably amorphous Ti(OH)4. The transition from the amorphous phase 
to the crystalline phase occurred in the presence of the three types of acids. In 
the presence of HNO3 and H2SO4 pure anatase type crystallites were formed, at 
both low and high acid dosages. While HCl showed different behaviour, which 
was the formation of anatase type crystals at low dosage and rutile type crystals 
at high dosage. 
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Figure 4. 1. XRD patterns of commercial P25, Am and the synthesized samples 
of TiO2 prepared under different conditions. 
Sharper peaks were observed when the XRD pattern of sample A1 is compared 
with that of sample A2. This means that the crystallinity of the TiO2 was 
enhanced along with the increase in HNO3 dosage, or in other words the size of 
the crystallites becomes larger. Similar trends were also seen in the other 
preparations in which peptising was carried out in the presence of H2SO4 and 
HCl. In the case of HCl, an increase in the acid dosage not only improved the 
crystallinity of the crystallites formed, but also resulted in a phase transformation. 
Phase-pure rutile type crystallites were only formed at the higher HCl dosage (5 
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mL). A mixed phase of anatase and rutile type crystallites was obtained at the 
middle HCl dosage (2.5 mL), and pure anatase type crystallites were formed at 
the low HCl dosage (1 mL). When the samples R1, R2, R3 and R4 which were 
prepared at the same HCl dosage are compared, both prolonging the reaction 
time and increasing the reaction temperature resulted in making the rutile peaks 
sharper. Owing to a different preparation method (Chemical Vapour Deposition), 
commercial P25 TiO2 showed much higher crystallinity than all the samples 
prepared by the hydrothermal method. 
Thus, the dosage of acid, reaction time and reaction temperature was found to 
affect the phase type and crystallinity of the TiO2 crystallites generated. Phase 
pure rutile type TiO2 was only formed using the highest level of HCl dosage. 
4.2.1.2 Particle size and morphology 
The morphology and structure of the TiO2 crystallites prepared under different 
conditions were characterized by TEM.  
The TEM images of samples A1 and A2, which were derived by HNO3 
peptisation with thermal treatment, are as shown in Figure 4. 2. The 
morphologies of the TiO2 NPs changed dramatically with increased dosage of 
HNO3. In Figure 4. 2 (a), irregular shaped small nanoparticles, which have a 
mean particle diameter of 5 nm, were formed at the low dosage level of HNO3 
during peptisation (1 mL). Also, severe particle aggregation was also observed 
in the image. Whilst high dosage HNO3 peptisation resulted in more regular 
spherical nanoparticles, and the average size also increased to around 40 nm in 
diameter, as shown in Figure 4. 2 (b) and (c). Compared with sample A1, the 
aggregation of particles in sample A2 was reduced, and the size distribution was 
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also much more even. The high resolution (HRTEM) image in Figure 4. 2 (d) 
also indicates less spherical nanoparticles had a lattice spacing of 0.35 nm. This 
corresponds to the (101) lattice plane reflection of the anatase phase, which is in 
agreement with the previous XRD results. 
 
Figure 4. 2. TEM images of (a) sample A1, insert is HRTEM of a single particle, 
(b) sample A2, (c) a single particle of sample A2 and (d) HRTEM for sample 
A2. 
Similar results were also obtained with the H2SO4 peptisation experiments 
carried out under the same conditions, which are shown in Figure 4. 3. Small 
and irregular particles were observed at the low dosage as shown in Figure 4. 3 
(a), where the average particle size was around 10 nm. Increased H2SO4 dosage 
led to an enhanced crystalline nanostructure. However, in contrast with the 
sphere type particles obtained with the high dosage of HNO3, the high dosage of 
H2SO4 resulted in rod-like morphology, and the average size of the rods was 
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around length/width (L/W) ~ 25 nm / 10 nm. However, severe particle 
aggregation was observed with both low and high dosages of H2SO4 used for 
peptisation, as shown in Figure 4. 3 (a) to (c). The electron diffraction (ED) 
pattern in Figure 4. 3 (d) demonstrates that the crystalline phase was the anatase 
type, which is also in agreement with the previous XRD result. 
 
Figure 4. 3. TEM images of (a) sample A3, (b) sample A4, (c) high magnification 
of sample A4, and (d) ED pattern of sample A4. 
The morphology of the TiO2 particles derived from peptisation in the presence 
of HCl after thermal treatment is shown in Figure 4. 4. When comparing Figure 
4. 4 (a), (b) and (c), an increasing particle size was observed, and the shapes of 
the particles also changed from small nanoparticles (~ 5 nm) to much larger 
nanoflowers (~ 250 nm). While samples A5 and R1 were relatively 
homogeneous, sample M1 showed the presence of both large nanorods and small 
nanoparticles. When these results are compared with the previous XRD patterns, 
samples A5 and R1 showed two different morphologies corresponding to two 
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distinct crystal phases, pure anatase and pure rutile respectively; while sample 
M1 was of a mixed phase type. Therefore these results suggest that peptisation 
in the presence of varying levels of HCl could result in some degree of particle 
shape control. 
 
Figure 4. 4. TEM images of (a) sample A5, (b) sample M1, (c) sample R1, and 
(d) SEM image of sample R1. 
In contrast with the effect of high level HCl peptisation at high temperature, 
peptisation at room temperature, with a much slower crystallisation rate led to 
distinctly different morphology, which can be seen in Figure 4. 5 (a) to (c). The 
TiO2 NPs formed at room temperature mainly had relatively uniform spindle-
like shapes, and the average particle sizes were length / width (L/W) ~ 50 nm / 
13 nm, 100 nm / 25 nm and 200 nm / 50 nm respectively. It can be seen that the 
particle sizes were gradually increasing with the reaction time, and there were 
some lateral branches growing at the same time. When compared with Figure 4. 
4 (c) and (d), it can be seen that the growth of lateral branches also occurred with 
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increasing reaction temperature, and resulted in a morphology change from 
spindle-like to flower-like. Thus, temperature is an important factor in 
morphology control. 
 
Figure 4. 5. TEM images of (a) sample R2, (b) sample R3, (c) sample R4, (d) 
HRTEM image of one of the spindle-like TiO2 NPs from sample R3, and (e) an 
ED pattern of a single TiO2 NPs from sample R3. 
A lattice fringe image of an individual spindle-like nanocrystal from sample R3 
is presented in Figure 4. 5 (d). The distance between the adjacent lattices fringes 
is 0.32 nm, corresponding to [110] reflections from rutile type TiO2, which also 
means that the preferential growth direction of the nanocrystals was [001]. 
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Figure 4. 5 (e) shows an ED pattern of an individual nanocrystal, which shows 
that the TiO2 NPs synthesized at room temperature are rutile crystals. This agrees 
with the previous X-ray diffraction pattern of the sample R3, which was of a 
tetragonal rutile-type crystal.  
Previous studies have indicated that the surface energies of rutile type crystal 
surfaces differ considerably and the [110] surface was suggested to have the 
lowest surface energy and should be the most stable crystal face [137]. 
Therefore, the nanocrystals would be expected to have a high aspect ratio along 
the [001]-axis. In this study, the nanocrystals synthesized at room temperature 
with the high dosage of HCl showed pure rutile crystalline structures with an 
aspect ratio of 4:1 along the [001] axis, which is consistent with the theoretical 
prediction. 
In summary, the acid type and the amount used, as well as the reaction 
temperature and aging time were found to have powerful influences on the 
process of growing TiO2 nanocrystallites, which is listed in Table 4. 2.  
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Table 4. 2. Physical properties of formatted TiO2 samples and commercial P25. 
Sample Phase type Morphology Mean size (nm) 
A1 Anatase Nanoparticles 5 
A2 Anatase Nanoparticles 40 
A3 Anatase Nanoparticles 10 
A4 Anatase Nanorods L/W ~ 25/10 
A5 Anatase Nanoparticles 5 
M1 Anatase/rutile mix Nanoparticles/nanorods Inhomogeneous 
R1 Rutile Nanoflowers 250 
R2 Rutile Nanorods L/W ~ 50/13,  
R3 Rutile Nanorods L/W ~ 100/25 
R4 Rutile Nanorods L/W ~ 200/50 
Phase-pure rutile type nanocrystallites were only formed when a high level of 
HCl was present during peptisation. Slower crystallisation rates contributed to 
the formation of mono-dispersions of nanocrystallites, and resulted in more 
regular morphology. The samples of TiO2 prepared at room temperature 
suggested that a tuneable size distributions could be obtained by varying the 
aging time. 
4.2.1.3 UV absorption 
The UV absorbing ability, visible light transparency and photocatalytic activity 
are important properties of inorganic UV absorbers, and very closely related to 
C H A P T E R  F O U R  
- 67 - 
particle size and dispersibility. These properties can be evaluated by measuring 
the liquid-phase UV/Vis absorption spectra, and the photocatalytic degradation 
of Rhodamine B under simulated solar irradiation. The measurements were used 
to select the preparation with optimal properties for use in the encapsulation 
experiments. Figure 4. 6 shows the UV/Vis absorption spectra of the ten TiO2 
samples prepared as already described together with the commercial P25 product 
at the same concentration levels. It can be seen that, except for samples R1 and 
R4, the UV absorption of the synthesized TiO2 samples was higher than that of 
the commercial P25 sample, while in the visible region all of the synthesised 
batches of TiO2 NPs possessed higher visible transparency than P25. 
 
Figure 4. 6. UV/Vis absorption spectra of commercial P25 and the synthesized 
TiO2 particles prepared by peptisation in the presence of (a) HNO3, (b) H2SO4 
and (c) HCl at 100 ºC, as well as (d) HCl at room temperature. 
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According to Rayleigh’s scattering theory, the characteristic white colour of 
TiO2 can be severely weakened if the particle size is reduced to the nano-scale. 
This means that the material becomes ‘transparent’ to visible light whilst its UV 
absorbance still remains high [115]. For liquid-phase UV absorption of nano-
structured materials, both the dispersibility and particle size distributions of the 
materials are related to the shift in the UV absorption range, the peak attenuation 
and the dispersion transparency [101]. The curves shown in Figure 4. 6 (a) to 
(d), all present similar trends for each group of samples of TiO2. Along with 
increasing particles size, the UV absorption is red shifted and the visible 
transparency of the dispersion is decreased. In addition, there was a noticeable 
reduction in the absorption peak with increasing particle size as seen in Figure 
4. 6 (c) and (d). 
Specifically, in Figure 4. 6 (a), the UV absorption edges of samples A1 and A2 
from the HNO3 group started at 319 nm and 357 nm respectively, and the 
absorption at 400 nm was increased from 0.002 to 0.067. With the samples A3 
and A4 from the H2SO4 group in Figure 4. 6 (b), the UV absorption edges began 
at 338 nm and 345 nm, whilst absorption at 400 nm was 0.009 and 0.058 
respectively. Comparisons between the XRD patterns in Figure 4. 1, as well as 
the TEM images in Figure 4. 2 and Figure 4. 3, suggest that samples A1 to A4 
were all pure anatase crystalline forms of TiO2 with increasing particle sizes in 
the order of A1 < A3 < A4 < A2. This result is in agreement with the influence 
of particle size on the red shift of the UV absorption edges and the decrease in 
dispersion transparency in the visible region. 
As with the HNO3 and H2SO4 group samples, the products prepared by HCl 
peptisation also showed a red shift in the UV absorption edge and a reduction in 
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visible transparency, for both high temperature and room temperature 
treatments. As the curves presented in Figure 4. 6 (c), the UV absorption edges 
of samples A5, M1 and R1 occurred at 337 nm, 342 nm and 406 nm, and the 
absorption at 400 nm was 0.008, 0.011 and 0.142 respectively. It is worth 
pointing out that, the band gap of anatase and rutile is around 3.2 eV and 3.0 eV, 
which corresponds to absorption onsets at 387 nm and 415 nm respectively. As 
previously mentioned, increasing the HCl dosage not only caused the particles 
to increase in size, but also resulted in a phase transformation from anatase to 
rutile. Therefore, for samples A5, M1 and R1, the red shift in the UV absorption 
has not only caused an increase in particle size, but also brought about a change 
in the crystalline phase. Besides that, clear UV attenuation was also observed 
when comparing samples A5 and R1. Sample R1 nearly showed no UV 
absorption in the liquid-phase. This is mostly attributed to an increase in light-
scattering intensity caused by the larger particle size. Besides that, the visible 
transparency of sample R1 is also decreased hugely compared with the other two 
groups of preparations (HNO3 and H2SO4). This is because the larger particle 
size also caused more severe light scattering in the visible region, resulting in a 
decrease of the visible transparency of the dispersion. 
This fact also was verified in the HCl peptisation group at room temperature, 
results for which are shown in Figure 4. 6 (d). Both the UV absorbance and 
visible transparency decreased as the particle sizes increased. Specifically, the 
UV absorption edges of the samples R2, R3 and R4 were shifted from 345 nm, 
to 381 nm and 433 nm respectively. Compared with the sample R2, the peak 
absorption values in the UV region of samples R3 and R4 were reduced by about 
7% and 24% respectively. In addition, the absorption at 400 nm was increased 
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from 0.095 to 0.158 and 0.217 respectively, which means that there was a 
considerable decrease in transparency to visible light. The loss of visible 
transparency was also related to the gradual rise in the baseline from 700 nm to 
400 nm (visible region) in the absorption curves with the increase in particle 
sizes. This is because, according to Rayleigh’s scattering theory, the scattered 
intensity is proportional to the inverse fourth power of the wavelength (~Ȝí4), 
which means that shorter wavelengths are scattered more strongly than longer 
wavelengths. Besides that, as the previous XRD patterns and TEM images 
showed, samples R2 to R4 were all phase pure rutile type nanocrystalline mono-
dispersions. Theoretically, the band gap of rutile type TiO2 is ~3.0 eV which 
corresponds to a wavelength of 415 nm. However the starting absorption edge 
of sample R4 went beyond this value, which can be mostly attributed to the 
increase in light-scattering intensity caused by the particle sizes increasing. 
Therefore, the baseline is raised with the decrease in wavelength, and the 
improvement is enhanced with the increase in particle sizes. 
It is worth pointing out that the dispersibility of nanocrystals in the liquid phase 
also had a marked influence on the visible transparency of dispersions. Mono-
dispersion has the benefit of reducing the “scattering” of visible light and 
providing ‘transparent’ products while the UV absorption characteristics were 
retained. As evidence for this, despite that the size of commercial P25 ‘primary 
particles’ was much smaller (~ 21 nm) than the three synthesized rutile-type 
TiO2 NPs, the visible light transparency was much lower which was because of 
the severe aggregation and agglomeration of the nanocrystals (as shown in 
Figure 4. 7). 
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Figure 4. 7. (a) TEM and (b) SEM images of commercial P25. 
Therefore, excluding samples R1 and R4, the other synthesized TiO2 samples 
showed higher UV absorption and visible transparency than the commercial P25 
sample. Owing to the differences in the positions of the UV absorption edges, 
the TiO2 samples with medium size distributions (25 nm ~ 100 nm) were judged 
more suitable to be UV absorbers because the absorption edge was closer to 400 
nm than the samples with small particle size distributions. 
4.2.1.4 Photocatalytic activity 
Results for the evaluation of photocatalytic activity of the above ten samples of 
TiO2 and the commercial P25 sample are given in Figure 4. 8. A/A0 is the ratio 
of the absorption of the Rhodamine B at any time to the initial absorption value, 
which represents the relative decrease in residual dye concentration in the 
solution during simulated solar irradiation. It can be seen that Rhodamine B was 
hardly decomposed under simulated solar irradiation in the absence of any 
catalyst. The ten synthesised samples TiO2 showed various degrees of 
photocatalytic activity. Generally rutile type TiO2 nanocrystals (samples R1 to 
R4) showed weaker photocatalytic activity than the anatase type nanocrystals 
(samples A1 to A5). Also, the photocatalytic activity was roughly reduced along 
with the increase in particle sizes. 
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Figure 4. 8. Photodegradation profile of Rhodamine B by commercial P25 and 
the synthesized TiO2 core particles peptised in the presence of (a) HNO3 (b) 
H2SO4 and (c) HCl at 100 ºC, as well as (d) HCl at room temperature. 
Approximately 97% of the dye was degraded in the presence of the commercial 
P25 sample after 25 min of simulated solar irradiation. The anatase type 
nanocrystallite preparations, took approximately 20 min to reach the same level 
(samples A1 A3, A5); while the degradation process was prolonged to 25 min 
and 30 min for samples A2 and A4. As to the mixed phase type sample M1, it 
took about 35 min for full decomposition of the dye. It can be seen that, all the 
samples of anatase-type nanocrystallites with small size distributions (samples 
A1, A3, A5) showed very strong photocatalytic activities, even more powerful 
than commercial P25 TiO2 NPs, and the photocatalytic activity decreased along 
with the increase in particle sizes (samples A2 and A4). This could be attributed 
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to the higher surface area of small nanocrystallites, so that relatively more dye 
could be absorbed and degraded by the process of photocatalytic decomposition. 
Besides that, crystallinity and phase type also appeared to play important roles 
in the efficiency of photodegradation. Sample M1, with a mixed phase type 
particle distribution showed a reduced photocatalysis effect compared with other 
anatase-type samples. This decrease was much more noticeable when the phase 
type was changed from anatase to rutile. After 25 min of simulated solar 
irradiation, the remaining dye with samples R1, R2, R3 and R4 was about 85%, 
30%, 43% and 79% respectively. Even when the irradiation time was prolonged 
to 45 min, there was still about 5%, 23%, 66%, 70% of the dye was left in the 
catalyst systems respectively. Therefore, this obvious retardation in the 
degradation rate was not only caused by the increasing sizes of the particles, but 
also more importantly depended on upon the phase of the TiO2. 
It is worth pointing out that, the dispersibility of the nanocrystallites in the 
catalyst system also had an influence on the level of the photocatalytic activity. 
Although the particle size in sample A2 was larger than in sample A4, the 
photocatalytic activity of sample A2 was greater than that of sample A4, which 
is in agreement with their levels of dispersibility. It is reasonable that, 
aggregation and agglomeration of nanocrystals could result in a reduction in 
specific surface area and cause a decrease in photocatalytic activity. 
As a result, the particle sizes, phase types and dispersibility were significant to 
photocatalytic activity of the synthesized sample TiO2 nanocrystallites. The 
sample of TiO2 prepared by HCl peptisation at room temperature showed a 
tuneable photocatalytic effect by varying the particle size. 
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All things considered, the TiO2 NPs of sample R3 were chosen to be the core 
particles in the following experiments since they had a suitable UV absorption 
edge (close to 400 nm), high visible transparency and lower photocatalytic 
activity in solution. 
4.2.2 Silica coating on core TiO2 NPs 
4.2.2.1 Morphology 
In the silica coating process, added ammonia was loosely bonded to the surface 
of TiO2 NPs which were slightly negatively charged. Then 
tetraethylorthosilicate was added, owing to the hydrogen bonds between 
ammonia and the hydroxyl groups of silica, the silica layer appeared to be evenly 
coated onto the surface of the TiO2 NPs. The TEM images before and after the 
silica coating process are shown as Figure 4. 9.  
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Figure 4. 9. TEM images of (a) sample R3 TiO2 NPs before silica coating, and 
SiO2 coated nanoparticles prepared with different aging times of (b) 5 h, (c) 10 
h and (d) 15 h. 
The images confirmed that the TiO2 NPs of sample R3 were indeed evenly 
encapsulated by an amorphous silica layer. As the reaction time of the coating 
process was increased from 5 h to 10 h and 15 h, the shell thickness increased 
from 7 nm to 12 nm and 24 nm respectively. This suggests that the thickness of 
the silica shell apparently can be controlled by the reaction time at least within 
certain limits. In addition, mono-disperse morphology was observed, regardless 
of the coating time. The above silica coated TiO2 NPs are hereafter denoted as 
R3@S1, R3@S2 and R3@S3 respectively, which correspond to the different 
aging times of 5 h, 10 h and 15 h. 
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4.2.2.2 UV absorption and photocatalytic activity 
The changes in UV/Vis absorption and photocatalytic activity caused by the 
different silica coatings on sample R3, are shown in Figure 4. 10. 
 
Figure 4. 10. (a) UV-Vis absorption curves of commercial P25, sample R3 , as 
well as samples R3@S1, R3@S2 and R3@S3, and (b) photodegradation profile 
of Rhodamine B by commercial P25 (Ŷ), sample R3 (Ɣ), as well as samples 
R3@S1 (Ÿ), R3@S2 (ź) and R3@S3 (Ƈ), and a blank control (Ƒ). 
In Figure 4. 10 (a), it can be seen that the absorption in the visible light region 
remained low when the thickness of the silica shell was 12 nm or less, while the 
peak absorption in the UV region gradually decreased with increasing thickness 
of the silica coating. Compared with the uncoated sample R3, the intensity of the 
peak absorption decreased by about 11% when the silica shells reached 7 nm 
(R3@S1), and the absorption edge increased from 381 nm to 408 nm; when the 
silica shells thickened to 12 nm (R3@S2) and 24 nm (R3@S3) respectively, the 
peak absorption intensities decreased by 39% and 56% respectively, and the 
absorption edge was red shifted to 450 nm and 550 nm separately. For 
applications employing UV absorbers, it is important to reduce the ‘scattering’ 
of visible light as much as possible and provide ‘transparent’ products, while 
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efficient UV absorption characteristics need to be retained. In fact, silica coating 
not only resulted in increases in particle sizes, but also contributed to a certain 
amount of light scattering. As previously mentioned, the theoretical excitation 
wavelength of rutile crystals is shorter than 415 nm, therefore the absorbance at 
wavelengths greater than this is mostly caused by visible light scattering by the 
silica shells. In addition, the transmission of UV light through a dispersion can 
also be blocked by the silica shells so that UV absorption by the core rutile 
particles was reduced. This accounts for the observed increase in light absorption 
in the visible region with increasing thickness of the silica shell while the peak 
absorption intensity in the UV region was considerably decreased. 
A remarkable blocking effect of silica shells against the photocatalytic activity 
from the core rutile type TiO2 NPs can be seen in Figure 4. 10 (b). It was found 
that, compared with the uncoated commercial P25 and synthesised R3 samples, 
the SiO2 shell substantially depressed the photocatalytic activity of the core TiO2 
NPs. In the absence of any photocatalyst, about 99% of the dye remained after 
the exposure period to UV light, while with the SiO2 coated TiO2 particles, 90%, 
93% and 94% remained as the shell thickness increased from 7 nm (R3@S1), to 
12 nm (R3@S2) and 24 nm (R3@S3) respectively after 45 min irradiation. 
Therefore, even the thinnest silica layer was found to markedly shield the 
photocatalytic activity from the core particles of sample R3. 
4.3 Conclusion 
In this chapter, details have been given about how mono-disperse core-shell 
structured TiO2 NPs coated with silica were successfully fabricated. This was 
C H A P T E R  F O U R  
- 78 - 
achieved by recrystallisation of titanium dioxide to produce spindle-like mono-
dispersed rutile type TiO2 NPs followed by encapsulation of the nanoparticles 
with a silica coating using sol-gel technology. By varying the experimental 
conditions, samples were produced with a range of TiO2 core particle sizes and 
silica coating thicknesses. 
The UV absorption, visible transparency and photocatalytic activity properties 
of aqueous dispersions of these nanoparticles then were measured to determine 
the effects of the size of the primary TiO2 core particles and the thickness of the 
silica coatings on these properties. A sample which had a high level of UV 
absorption, together with high visible light transparency and low photocatalytic 
activity was identified. And this sample had a thin coating of silica, only 7 nm 
thick covering TiO2 nanocrystals around 100 nm long and 25 nm wide. These 
composite particles had an optimal balance of properties with excellent UV 
absorption and good visible light transparency, while photocatalytic activity of 
the encapsulated TiO2 NPs was almost completely eliminated. This type of 
inorganic UV absorbers may offer a unique combination of high efficiency and 
low photocatalytic activity that would make them suitable for use in UV 
protection applications. 
In the following chapter, the synthesis of another inorganic UV absorber, 
ZnO@SiO2, will be reported. 
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Chapter 5. Fabrication of ZnO@SiO2 
Nanoparticles with Reduced Photocatalytic 
Activity 
In this chapter, mono-dispersed core-shell structured ZnO@SiO2 NPs were 
fabricated using a two-step process and their photocatalytic properties were 
measured. Firstly, mono-dispersed ZnO NPs were prepared using a 
hydrothermal process. The conditions for generating ZnO nanocrystallites with 
different dimensions were studied. The UV absorption and visible transparency 
spectra of aqueous dispersions of the nanoparticles were investigated together 
with their photocatalytic activity. Secondly samples of the ZnO NPs were coated 
with SiO2 shells using a sol-gel procedure. Relationships between photocatalytic 
activity, core-particle size and silica shell thickness as well as the UV absorption 
and visible transparency of aqueous dispersions of the nanoparticles were 
investigated. The prepared products were characterized by TEM, which 
confirmed that the composite nanoparticles possessed clear core-shell structures. 
It was found that the balance between UV blocking ability, visible transparency 
and photocatalytic activity of aqueous dispersions could be manipulated by 
varying the size of the ZnO core-particles and the thickness of silica shells. 
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5.1 Experiments 
5.1.1 Synthesis of ZnO NPs 
ZnO NPs were prepared using a hydrothermal method. Dehydration of Zn(OH)2, 
followed by recrystallisation, produced nanoparticle crystallites of ZnO. 
Typically, 0.001 mol of Zn(CH3COO)2•2H2O and 0.002 mol of NaOH were 
separately dissolved in 50 mL quantities of ethanol using ultrasonic agitation at 
room temperature. Then the NaOH solution was added to the zinc acetate 
solution dropwise with constant stirring to form a transparent sol-gel, which 
contained microcrystals of Zn(OH)2ānH2O. Then 0.5 g of the surfactant 
polyvinylpirrolidone was added and thermal recrystallisation treatments were 
carried out in a 200 mL autoclave at different temperatures between 60 °C and 
120 °C for up to 24 h. After each thermal treatment, the autoclave was allowed 
to cool down naturally. White precipitates of ZnO were collected and washed 
with ethanol three times to remove impurities. Finally, the precipitates were 
dried at room temperature overnight. A detailed description of the experiments 
is given in Table 5. 1.  
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Table 5. 1. Detailed sample preparation information 
Sample No. Temperature (ºC) Time (h) 
Z1  60 5 
Z2 80 5 
Z3 100  5 
Z4 120  5 
Z5 120  10 
Z6 120  24 
5.1.2 Silica coating of the ZnO NPs 
The Stऺber method [1], previously used for encapsulation of TiO2 NPs with SiO2 
shells was also employed for the ZnO NPs. A typical process was as follows: 20 
mg of ZnO NPs was dispersed in 80 mL of ethanol, followed by addition of 3 
mL of ammonia with magnetic stirring. The dispersion formed was subsequently 
mixed with 0.08 mL of tetraethylorthosilicate and 4 mL of ethanol at room 
temperature. The reaction system was aged for different durations up to 6 h. The 
resulting nanoparticles were separated by centrifugation, washed with deionized 
water, and dried in air at room temperature. 
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5.2 Results and discussion 
5.2.1 Synthesis of core ZnO NPs 
The formation of Zn(OH)2 by precipitation from zinc acetate with alkali and its 
subsequent dehydration to ZnO by ageing and recrystallisation in the presence 
of a surfactant, is illustrated in the following reactions: 
Zn(CH3COO)2 + NaOH ĺ Zn(OH)2 + CH3COONa 
Zn(OH)2 ĺ ZnO + H2O 
The parameters which were controlled in this process included the 
concentrations of the reactants, the reaction temperature and reaction time, as 
well as the addition of surfactants. As zinc acetate has a limited solubility in 
ethanol, the other three parameters played more important roles in the process. 
The optimized conditions for synthesizing mono-dispersed ZnO NPs with even 
size distributions will be discussed below. 
5.2.1.1 Crystallographic phases 
XRD patterns of the ZnO samples prepared under different conditions are shown 
in Figure 5. 1. All patterns can be indexed to a hexagonal structure. It was found 
that the crystallinity of the ZnO particles was increased with increasing reaction 
temperature and reaction time. The relative intensity of the [002] peak also 
decreased along with increasing reaction temperature and reaction time, which 
might indicate a preferential recrystallisation process occurring along the {0001} 
direction. 
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Figure 5. 1. XRD patterns of ZnO core-particles prepared under different 
conditions. 
5.2.1.2 Particle size and morphology 
Figure 5. 2 shows the TEM images of the samples of ZnO nanocrystals obtained 
after the various hydrothermal treatments. These reveal a clear growth process 
in which the ZnO NPs recrystallised to form ZnO nanorods with increasing time 
and temperature of the hydrothermal treatments. 
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Figure 5. 2. TEM images of samples (a) Z1, (b) Z2, (c) Z3, (d) Z4, (e) Z5, and 
(f) Z6. 
It can be seen that, the average particle size of ZnO NPs prepared at 60 ºC for 5 
h is around 5 nm (Figure 5. 2 (a)). When the temperature was increased to 80 ºC, 
100 ºC, and 120 ºC with the same reaction time, the average length/width of the 
ZnO NPs reached to 8/6.7 nm, 14/7 nm, and 26/7.4 nm, respectively (Figure 5. 
2 (b) to (d)). Prolonging reaction time also made the ZnO nanorods longer. As 
shown in Figure 5. 2 (e) and (f), the average length/width of the ZnO nanorods 
is respectively 90/15 nm and 140/15.6 nm after 10 h and 24 h treatments at 120 
ºC. However, along with the increases in reaction temperatures and times, the 
size distribution of the ZnO nanocrystals became increasingly non-
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homogeneous, especially at 120ºC for 24 h. Therefore, the reaction temperature 
and aging time were found to have powerful influences on the process of 
growing ZnO nanocrystallites, of which physical properties are summarised in 
Table 5. 2. 
Table 5. 2. Physical properties of formatted ZnO samples. 
Sample Morphology Mean size (nm) 
Z1 Nanoparticles 5 
Z2 Nanoparticles 8 
Z3 Nanorods L/W ~ 17/7 
Z4 Nanorods L/W ~ 26/7.4 
Z5 Nanorods L/W ~ 90/15 
Z6 Nanorods L/W ~ 140/15.6 
 
HRTEM observations of the samples Z3, Z4 and Z5 are shown in Figure 5. 3 (a) 
to (c). The micrographs show a progression from crystalline of ZnO 
nanoparticles, to ZnO nanorods and then to elongated ZnO nanorods with 
increasing times and temperatures of the thermal treatments. The three kinds of 
nanocrystals all showed preferential growth along the {0001} direction, which 
was in agreement with the X-ray diffraction patterns of the samples. 
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Figure 5. 3. HRTEM images of sample (a) Z3, (b) Z4, and (c) Z5 nanocrystals, 
and (d) a schematic illustration of the crystallographic planes of ZnO nanorods 
with a hexagonal structure.  
As with TiO2 crystals, the surface energies of the crystallographic planes of ZnO 
with a hexagonal structure are different, and this also appeared to play an 
important role in the growth of the crystals with ageing. Previous studies [138] 
have suggested that the [001] surface (as shown in Figure 5. 3 (d)) has the lowest 
surface and attachment energies, so that this should have been the most 
favourable direction for growth of hexagonal structured ZnO nanocrystals. This 
is consistent with the TEM results already shown in the Figure 5. 4 (a) to (f). 
Based on this theory, the morphological change from ZnO nanoparticles to ZnO 
nanorods in this case can be postulated, as shown in Figure 5. 4.  
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Figure 5. 4. Suggested geometries of the six different sample of ZnO 
nanocrystals prepared. 
Therefore, the ZnO crystals with ratios of length to width from 1:1 to about 9:1 
appear to have been obtained by varying the reaction temperature and reaction 
time during the hydrothermal process of recrystallisation. 
5.2.1.3 UV absorption 
Similar to the investigation of the optical properties of the TiO2 NPs, a size and 
crystal phase dependent comparison of the UV absorbing ability, visible 
transparency and photocatalytic activity of aqueous dispersions was also carried 
out with the ZnO preparations. 
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Figure 5. 5. UV/Vis absorption spectra of the prepared samples of ZnO core-
particles. 
Figure 5. 5 shows the liquid-phase UV/Vis absorption spectra of the six 
synthesized ZnO samples at the same concentration level. The UV absorption of 
the synthesized ZnO nanocrystals was increased and red shifted as the particle 
sizes increased, while the transparency of the dispersions was decreased. 
Specifically, samples Z1 and Z2 were nearly transparent whilst the absorption at 
400 nm of samples Z3 to Z6 was 0.074, 0.117, 0.154, and 0.246 respectively. 
The decrease in visible transparency could also be seen by the upward shift in 
the baseline from 700 nm to 400 nm of the absorption curves of samples Z1 to 
Z6. The increase was more obvious as the particle sizes increased, which is 
similar to the trend already seen in samples R2 to R4. At the same time, the UV 
absorption edges of samples Z1 to Z6 were also red shifted, which were at 367 
nm, 373 nm, 376 nm, 379 nm, 383 nm, 389 nm, respectively.  
However, an interesting phenomenon was observed. There was no UV 
attenuation but rather an enhancement in absorption with increasing size of the 
nanocrystals. This is different from the trend observed with the TiO2 samples R2 
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to R4. Compared with sample Z1, samples Z2 to Z6 not only showed stronger 
UV absorption values but the absorption edge was shifted to longer wavelengths. 
As the particle sizes were smaller than the wavelengths of visible light, this shift 
can be explained by Rayleigh’s scattering theory. As previously mentioned, 
shorter wavelengths are scattered more strongly than longer wavelengths. Hence 
the baseline is raised with a decrease in wavelength, which is similar to the 
behaviour observed with the TiO2 preparations. On the other hand, the particle 
sizes of most of the samples of ZnO were smaller than 50 nm, except for sample 
Z6 (in which the nanocrystals were around 140 nm in length), and these are 
mainly smaller than the TiO2 samples. Based on this, the scattering effects of the 
ZnO samples in the UV region should have been less than with the TiO2 samples. 
Therefore, most of the UV light still could be absorbed rather than scattered by 
the ZnO NPs, while the scattering effect was more dominant than absorption 
with the TiO2 samples. 
5.2.1.4 Photocatalytic activity 
Results for the evaluation of photocatalytic activity of the six samples of ZnO 
are shown in Figure 5. 6. A/A0 is the ratio of the absorption due to Rhodamine 
B at any time relative to the initial absorption of value at 554 nm. The ratio 
represents the residual dye concentration in the solution at any time during the 
test. It can be seen that Rhodamine B was hardly decomposed in the absence of 
any catalyst. The six samples of ZnO showed reducing degrees of photocatalytic 
activity in the order Z2 > Z1 > Z3 > Z4 > Z5 > Z6, which correlates with 
increasing particle size. 
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Figure 5. 6. Photodegradation profiles of Rhodamine B by the prepared samples 
of ZnO core-particles. 
After 80 mins of simulated solar irradiation, approximately 97% of the dye was 
degraded in the presence of sample Z2, and with samples Z1, Z3 to Z6 the 
amounts were about 24%, 49%, 68%, 72% and 78% respectively. When the 
irradiation time was prolonged to 120 mins, the degradation of the dye in the 
presence of sample Z1 was complete within experimental error, however there 
was still about 25%, 47%, 57% and 64% of the dye left in the presence of 
samples Z3 to Z6 respectively. Owing to the fact that smaller nanocrystallites 
have higher surface areas, more dye could be absorbed and degraded in the 
process of photocatalytic decomposition as the particle sizes became smaller (i.e. 
sample Z1 showed higher photocatalytic activity than samples Z3 to Z6). 
Besides that, the degree of crystallinity and the absorption intensity also may 
have played important roles in the efficiency of photo-degradation. As shown in 
Figure 5. 2, the sizes of the particles in samples Z1 and Z2 were quite close (5 
nm and 8 nm respectively), however sample Z2 had higher crystallinity because 
of the higher temperature used in the hydrothermal treatment, as was confirmed 
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by the XRD patterns shown in Figure 5. 1. Consequently, the absorption band of 
sample Z2 was stronger and wider than with sample Z1. This means more light 
energy could have been absorbed by sample Z2, and that led to a higher 
generation rate of electron and hole pairs, which accelerated the dye degradation 
process.  
All things considered, compared with the other samples, the ZnO nanorods of 
sample Z5 were chosen to be the core particles for further study since this sample 
had an UV absorption edge, close to the start of the visible region at 400 nm, as 
well as relatively high transparency and low photocatalytic activity. 
5.2.2 Silica coatings on core ZnO NPs 
5.2.2.1 Morphology 
Similar to the silica coating process used with the TiO2 NPs, the ZnO nanorods 
were slightly negatively charged, so that the ammonia employed in the coating 
treatment was loosely bound to the surfaces of the ZnO nanorods. This was an 
advantage in the next step of tetraethylorthosilicate absorption, which resulted 
in the formation of silica layers directly on the surfaces of the ZnO crystals. 
Figure 5. 7 shows TEM images of the particles in sample Z5 before and after the 
silica coating process. 
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Figure 5. 7. TEM images of (a) sample Z5 before silica coating, and SiO2 coated 
nanoparticles prepared with different aging times of (b) 4 h, (c) 5 h and (d) 6 h. 
The images confirmed that the surfaces of sample Z5 nanorods were indeed 
encapsulated evenly by an amorphous silica layer. As the reaction time of the 
coating process was increased from 4 h to 5 h and 6 h, the shell thickness 
increased from 1 nm to 3 nm and 5 nm respectively. This means that the 
thickness of the silica shell could be controlled by the sol-gel reaction time, 
within certain limits, which was similar to what was observed with the TiO2 
samples. The silica-coated ZnO NPs are hereafter denoted as Z5@S1, Z5@S2 
and Z5@S3 respectively, which are related to the different aging times of 4 h, 5 
h and 6 h. It can be seen in Figure 5. 7 (b) to (d) that the edges of the coated 
nanorods were slightly uneven compared with the image shown in Figure 5. 7 
(a). This could have been due to an etching effect caused by the ammonia 
absorbed on the surfaces of the nanorods. 
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5.2.2.2 UV absorption and photocatalytic activity  
The UV/Vis absorption spectra and photocatalytic activity measurements of the 
silica coated of samples derived from the ZnO preparation Z5, are shown in 
Figure 5. 8. 
 
Figure 5. 8. (a) UV-Vis absorption spectra of samples Z5, Z5@S1, Z5@S2 and 
Z5@S3, and (b) photodegradation profiles of Rhodamine B in the presence of 
sample Z5 (Ɣ), as well as Z5@S1 (Ÿ), Z5@S2 (ź) and Z5@S3 (Ƈ), and a blank 
control (Ƒ). 
As shown in Figure 5. 8 (a), the absorption in the visible light region was 
increased with the prolongation of the time of the coating treatment, while the 
absorption in the UV region firstly increased and then decreased. Specifically, 
compared with the absorption peak of the uncoated sample Z5 (360 nm), the 
intensity of the peak absorption of Z5@S1 (362 nm) increased by about 11%, 
while that of the Z5@S2 (364 nm) increased by 36%. However, when the 
thickness of silica shells was increased to 5 nm (Z5@S3), the growth of the 
intensity of the absorption peak (at 365 nm) fell by 29%. A red shift in the 
position of the absorption peak was also observed with increasing of thickness 
of silica shells. As previously discussed, silica coating contributed to a certain 
amount of light shielding on the ZnO NPs. With Z5@S1 and Z5@S2, the 
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thickness of the silica shell was quite thin and most of the UV rays still may have 
been able to penetrate through the shell and be absorbed by the core ZnO 
nanorods. At the same time, the silica shell also may have caused scattering of 
incident radiation to a certain extent. Therefore, the UV absorption was 
increased compared with uncoated Z5 nanorods. However, when the silica shell 
was further thickened, the penetration of UV rays became more difficult, hence 
the UV absorption decreased. As evidence of this, increased absorption in the 
visible region was observed when the thickness of silica shells was increased 
from 1 nm to 3 nm and 5 nm. 
A remarkable blocking effect of the silica shells against photocatalytic activity 
from the core ZnO nanorods was evident in Figure 5. 8 (b). It was found that, 
compared with the sample of pure ZnO (Z5), photocatalysis effects were 
gradually suppressed with thickening of the SiO2 shell. After 120 mins 
irradiation, the catalytic system showed reducing degradation levels of 45%, 
70% and 86% respectively as the thickness of the silica shells increased from 1 
nm (Z5@S1) to 3 nm (Z5@S2) and 5 nm (Z5@S3). Therefore, as previously 
observed with TiO2, a covering silica layer also can greatly shield against the 
photocatalytic activity of the core-particles of ZnO. 
5.3 Conclusion 
In this chapter, core-shell structured mono-disperse ZnO NPs coated with a thin 
layer of silica with low levels of photocatalytic activity were fabricated and 
tested.  
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Firstly, samples of ZnO NPs with different average sizes were prepared. The UV 
absorption, visible transparency and photocatalytic activity properties of 
aqueous dispersions of these particles were measured to determine the effects of 
the particle size on these properties. A sample of ZnO consisting of nanorods on 
average about 90 nm long and 15 nm wide which had a high level of UV 
absorption, together with high visible light transparency and low photocatalytic 
activity was selected for coating experiments in an attempt to further reduce the 
photocatalytic activity. Batches from this sample were coated with silica layers 
of different thicknesses (1 to 5 nm thick). The composite sample with a silica 
layer 5 nm thick was found to have the best combination of properties. It appears 
that this type of inorganic UV absorber, may offer a unique combination of high 
efficiency and low photocatalytic activity that would make it suitable for use in 
a range of different UV protection applications. 
In the next chapter, the protective effect of above fabricated inorganic UV 
absorbers, TiO2@SiO2 and ZnO@SiO2 NPs, on preventing wool yellowing will 
be discussed. 
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Chapter 6. Protection of Wool against 
Photoyellowing with Inorganic UV 
Absorbers 
In this chapter, the protection of wool fabric against photoyellowing will be 
investigated using two types of inorganic UV absorbers consisting of 
nanoparticles of TiO2 and ZnO coated with silica, prepared as previously 
described in Chapters 4 and 5. A two-step dip-coating method was used to apply 
the inorganic UV absorbers to wool fabric. The nanoparticle products were first 
coated onto wool fabric samples and their protective effects were measured. 
Subsequently a second coating of polydimethylsiloxane was applied in an 
attempt to improve the permanency of the protective coating. The fundamental 
protective effect of the silica-coated TiO2 and ZnO nanoparticles against 
photoyellowing of wool was elucidated by measuring the level of yellowing of 
the coated samples after simulated solar irradiation. The influence of fabric type, 
humidity, types and dosages of inorganic UV absorbers on the photostability of 
wool fabric samples was evaluated. Subsequently polydimethylsiloxane was 
applied as an after-treatment with the intention of improving the durability of the 
inorganic UV absorber nanoparticles. 
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6.1 Experiments 
As previously described, the bleached and fluorescent whitened wool fabric 
samples were the objects in this thesis. The two kinds of the wool fabric samples 
were both cut into the size of 2 cm × 5 cm and the edges were zigzag sewed in 
advance. 
6.1.1 Coating with inorganic UV absorbers NPs 
The particulate solutions of inorganic UV absorbers nanoparticles were prepared 
before fabric coating. Two groups of inorganic UV absorbers, including TiO2 
and ZnO groups, were prepared respectively. 
Specifically in the TiO2 group, as previously synthesized R3@S1 NPs were 
dispersed in ethanol by ultrasonication to form a homogenous dispersion, and 
the concentration of TiO2 was maintained at 0.8 g/L. The as prepared R3@S1 
NPs dispersion was applied on fabric samples in various dosages: 1%, 3%, and 
5% o.w.f. by a dip coating method. Treated fabric samples were dried in 
darkness at room temperature overnight. In order to compare the effects of UV 
protection, different types of TiO2 NPs including P25, Am, A1, and R3, were 
also respectively applied on the two kinds of wool fabric samples as inorganic 
UV absorbers. The treatment methods and dosages were the same as the R3@S1 
NPs. 
As to the ZnO group, the particulate solution of Z5@S3 NPs, with the 
concentration of ZnO at 0.8 g/L, was prepared using the same method as R3@S1 
NPs. And then the dispersion was applied on fabric samples at 1%, 3%, and 5% 
o.w.f. respectively by the dip coating method. Treated fabric samples were dried 
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in darkness at room temperature (25 ± 2 °C) overnight. In order to compare the 
effects of UV protection, different types of ZnO materials including Z2 and Z5, 
were also respectively applied on the two kinds of wool fabric samples as 
inorganic UV absorbers. The treatment methods and dosages were the same as 
the Z5@S3 NPs. 
The blank control sample underwent the same steps as above but with the pure 
ethanol rather than the dispersion. 
6.1.2 Coating with polydimethylsiloxane 
To further improve the durability of the inorganic UV absorber nanoparticles, 
optimized fabric samples were selected to be given a second coating with 
polydimethylsiloxane on the surface by a Rapid PA0 pad mangle (Rapid 
Labortex Co. Ltd., Taiwan). The padding solution contained 0.909% on weight 
of bath (o.w.b.) of Sylgard 186 silicone elastomer base and 0.091% o.w.b. of 
Sylgard 186 silicone elastomer curing agent in tetrahydrofuran. Fabrics were 
squeezed after each bath to remove excess liquor. After padding the solution 
retained in the fabrics was around 100% w/w to ensure the loading amount of 
polydimethylsiloxane was 1% o.w.f.. Finally, the treated fabric samples were 
cured at 65 °C for 5 h. 
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6.2 Results and discussion 
6.2.1 Coating wool fibres with TiO2@SiO2 NPs 
To investigate the effect from the R3@S1 NPs, the results given below were 
obtained on samples only treated with the inorganic UV absorbers. The results 
for the optimized treatments including after treatment with 
polydimethylsiloxane will be discussed later. 
6.2.1.1 Surface morphology 
SEM images shown in Figure 6. 1 are bleached wool fibres before and after 
coating with R3@S1 NPs. It can be seen that the fibre of the control bleached 
sample has a much smoother surface compared with the other three treated 
samples. The treatments appeared to give relatively even coatings of the R3@S1 
NPs, and the coverage increased as the dosage increased. The sizes of the 
R3@S1 NPs were so small that, no single nanoparticle can be seen clearly, but 
the relatively uniform distribution of the particles still can be observed. 
However, some aggregation of particles on the fibre surfaces was also observed 
for fibres treated with 3% and 5% o.w.f. of the nanoparticles, especially at the 
higher dosage level (Figure 6. 1 (e)). The EDX curve (Figure 6. 1 (f)) further 
confirmed the presence of R3@S1 NPs on the surface of sample. 
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Figure 6. 1. SEM images of bleached wool fibres with a) no treatment, coating 
with b) 1% o.w.f., (c) 3% o.w.f., (d) 5% o.w.f. R3@S1 NPs, and the e) 
magnification of the fibre surface coating with 5% o.w.f. R3@S1 NPs, as well 
as the (f) EDX plot of (e).  
The SEM images of other four types of TiO2 group materials treated bleached 
wool fibres are represented in Figure 6. 2. Figure 6. 2 (a) to (d) respectively 
revealed the surface morphology of P25, R3, Am, and A1 treated samples, which 
are all at 3% o.w.f. dosage level. 
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Figure 6. 2. SEM images of bleached wool fibres with treatments of (a) P25, (b) 
R3, (c) Am, (d) A1, and the (e) magnification of (a), and (f) magnification of (b), 
all samples are at the 3% o.w.f. dosage level. 
As shown in Figure 6. 2 (a) to (c), the dispersions of the P25 TiO2 sample and 
the R3 recrystallised sample are relatively even on the fibre’s surface, especially 
R3; whilst the coating of Am was severely aggregated. Unlike the others, the A1 
treated fibre had a relatively smooth surface (Figure 6. 2 (d)). This was 
presumably because the particles were much smaller (5nm) than with the other 
samples. The further magnification of the fibre surfaces confirmed that the R3 
and R3@S1 coatings (Figure 6. 2 (f) and Figure 6. 1 (e)) were of a relatively 
well dispersed particles. Owing to the fact that the average particle size of P25 
C H A P T E R  S I X  
- 102 - 
was smaller than with R3, the quantity of nanoparticles in the P25 coating was 
greater than with the R3 coating, and there was also evidence of greater 
aggregation in the P25 coating (Figure 6. 2 (e)). 
6.2.1.2 UV/Vis reflectance 
Untreated natural wool fabric samples have a light creamy tone. Oxidative 
bleaching by hydrogen peroxide is a widely used commercial method, which can 
improve the whiteness of fabric samples to a certain extent. However, some of 
the natural yellow chromophores of wool are highly resistant to bleaching. The 
maximum achievable whiteness cannot be obtained by a simple oxidative 
bleaching process. Greater whiteness can be obtained by using a double 
bleaching process in which oxidative bleaching is followed by a reductive 
bleaching process. To further improve the whiteness, a fluorescent whitening 
agent can be applied either after oxidative bleaching or by including it in the 
reductive bleaching process. In this study, treatment with a fluorescent 
whitening was incorporated in the reductive bleaching process. The changes in 
whiteness resulting from the series of pre-treatments can be seen in the 
differences between the UV/Visible reflectance spectra of fabric samples, which 
are shown in Figure 6. 3. 
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Figure 6. 3. UV/Visible reflectance of wool fabric samples before and after 
bleaching, fluorescent whitening and finishing with Cibafast W. 
It can be seen that, compared with the untreated wool fabric, bleaching by 
hydrogen peroxide can provide slightly increased reflection in the visible area 
ranging from 400 nm to 700 nm, so improving the whiteness. However, the 
yellow chromophores were temporarily bleached to colourless aromatic 
compounds and this contributed to an increase in absorption in the UV region. 
This is also the reason for the faster yellowing rate of bleached wool fabric 
compared with the untreated sample, because the increased UV absorption leads 
to photo decomposition. In contrast with the effect of bleaching, the FWA not 
only increased the reflectance in the visible region, but also absorbed UVA 
radiation (350 ~ 380 nm) and re-emitted violet and blue light (400 ~ 460 nm) in 
the visible region as fluorescence. Hence the unwanted yellow tone of natural 
wool was reduced, and this made the fabric samples appear whiter and brighter. 
However, the presence of the FWA leads to increased photo catalysis which can 
lead to much faster photoyellowing. 
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The presence of Cibafast W can increase the absorption of UV light which could 
otherwise produce photoyellowing. Nevertheless, owing to the brown colour of 
the compound, the initial whiteness of fabric samples was also sacrificed. As a 
result, the reflectance of the Cibafast W treated sample in the range from 400 
nm to 700 nm was decreased relative to the bleached sample. Because of the 
strong absorption of Cibafast W in the UVA region, it cannot be applied onto 
FWA treated wool because it quenches the fluorescent whitening effect, as 
previously mentioned in the literature review. 
There was strong absorption in the UV area with FWA treated samples, therefore 
the difference of surface UV reflectance caused by the coating of an inorganic 
UV absorber was hard to detect without interference. In this case, bleached wool 
fabric samples were taken as controls, and the changes caused by coating of TiO2 
inorganic UV absorbers are shown in Figure 6. 4. 
 
Figure 6. 4. Comparison of UV reflectance of the bleached wool fabric samples 
before and after treatments of (a) R3@S1 NPs at three different dosage levels, 
and (b) five types of TiO2 group inorganic UV absorbers which are all at 3% 
o.w.f. dosage and Cibafast W treated bleached wool fabric. 
Figure 6. 4 (a) shows the differences in surface UV reflectance caused by 
treatments with various dosage levels of R3@S1 NPs. As the curves show, 
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compared with the untreated bleached fabric, the surface absorption of UV light 
was obviously enhanced by the R3@S1 NPs coating, whilst the reflectance of 
visible light was also apparently improved. Both of these properties were 
increased with increasing dosage of the R3@S1 NPs. The UV absorption of the 
bleached wool fabric samples started around 300 nm which was in agreement 
with the previous observations [30], whilst the absorption was red shifted to 
around 361 nm after treatment with R3@S1 nanoparticles. It is reasonable to 
expect that the increased absorption in UV region (< 400 nm) was caused by the 
increased amount of the R3@S1 NPs coated on the fibre surfaces.  
However, it is worth pointing out that the absorption edge of R3@S1 NPs on the 
coated fabric was different from the absorption edge of R3@S1 NPs that had 
been dispersed in the liquid phase (408 nm). This is because of interference from 
the dispersion medium, which caused the nanoparticles to be solvated and this 
benefited the dispersion of the nanoparticles. Changes in the agglomeration state 
of samples apparently led to a change in the UV absorption. A decrease in the 
improvement of absorption in the UV area was noticed as the dosage of R3@S1 
NPs increased. The absorption at 350 nm for blank control (untreated bleached 
sample), and 1%, 3% and 5% o.w.f. treatments with R3@S1 NPs was 62.0%, 
75.8%, 80.3% and 81.5% respectively. Interestingly, the absorption in the UV 
region of the sample treated with 5% o.w.f. R3@S1 NPs only showed a slight 
increase over that of the 3% o.w.f. R3@S1 NPs treated sample, which might 
mean that the absorbance had almost reached saturation point in the UV region.  
Compared with that, the increase in reflectance in the visible region was more 
regular. The reflectance at 450 nm for the blank control, as well as the 1%, 3% 
and 5% o.w.f. R3@S1 NPs treated samples was 69.9%, 77.0%, 80.6%, and 
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83.4% respectively. This noticeable improvement in reflectance in the 
wavelength range from 400 nm to 500 nm was attributable to increased 
scattering due to the high refractive index (2.90) of rutile [114]. This strong 
whitening effect had the benefit of compensating for the creamy tone of natural 
wool, which was seen as a remarkable improvement in the whiteness of the 
treated samples. 
Figure 6. 4 (b) represents a comparison between the effects from all the five 
types of TiO2 coating materials (including P25, Am, A1, R3 and R3@S1), and 
of Cibafast W. Compared with the untreated sample, all the six kinds of coating 
materials showed some increased absorbance in the UV region to various 
degrees, even the Am treated sample. The absorption at 350 nm with 3% o.w.f. 
of P25, Am, A1 and R3 was 75.9%, 74.8%, 74.3%, and 74.2% respectively, 
while the Cibafast W treated sample was 82.4%. The curves show that, the 
Cibafast W provided higher absorption in the UVA range than the TiO2 group 
materials. The absorption in the UVB range of all the samples was roughly 
equivalent. This is because of the different properties of the different treatments 
as UV absorbers. As previously mentioned, Cibafast W was a UVA absorber, 
whilst the TiO2 coatings acted as UVB absorbers and UVA scatterers. Similar to 
the effect of R3@S1 NPs, which has already been described, the surface coatings 
with TiO2 also made the leading edges of the UV absorption of the samples red 
shifted, and these edges were at 343 nm (P25), 324 nm (Am), 325 nm (A1), 358 
nm (R3), 370 nm (Cibafast W) respectively. In comparison with the results of 
UV absorption in the liquid phase, the values of the uncoated TiO2 NPs were 
blue shifted, which was in line with the change of R3@S1. It can also be 
explained by the interference of the solvation from the dispersion.  
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On the other hand, the effects of these treatments on the surface reflectance of 
the fabric samples in the visible region were quite distinctive. There were 
obvious increases with the P25, R3, and Am treated samples, while Cibafast W 
produced lower reflectance in the visible region, and the A1 treatment nearly 
resulted in no change. Taking the particle sizes into account, A1 had the smallest 
average particle size and the narrowest UV absorbance band compared with 
other TiO2 nanoparticle materials. It is reasonable to expect that there would be 
almost no changes in the surface reflectance of the treated samples. The 
enhanced reflectance of P25, R3 and Am was all attributable to the high 
refractive index, whitening effect of TiO2, which was similar to the effect of 
R3@S1. As previously mentioned, Cibafast W was a kind of organic UVA 
absorber with a brown colour, the yellowness of the fabric was increased after 
the treatment. As shown in the curve, it did enhance the absorption from 400 to 
450 nm, which resulted in a yellow tone. 
6.2.1.3 The UPF values 
As previously mentioned, an FWA treatment can interfere with the UV 
absorption of UV absorbers, hence the UPF values resulting from surface coating 
with different inorganic UV absorbers from TiO2 group were only tested on 
bleached fabric samples. The results are shown in Figure 6. 5. 
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Figure 6. 5. UPF values measured on bleached wool fabric samples before and 
after treatments with five types of TiO2 inorganic UV absorbers at levels of 1%, 
3%, and 5% o.w.f., as well as the Cibafast W treated sample. 
It can be seen that, compared with the bleached only sample, all coating 
materials including P25, Am, A1, R3, R3@S1, as well as the Cibafast W, 
demonstrated greater UPF values in various degrees, and the increments within 
each group were more or less linear with increased dosage levels. Therefore, the 
UPF values can be controlled according to the amount of TiO2 applied. The UPF 
values of the R3 and R3@S1 treated samples were similar. This demonstrated 
that the UV shielding ability of TiO2 NPs was not weakened after the silica 
coating had been applied, although the absolute UV absorption of the TiO2 NPs 
was reduced after silica coating, as seen in Figure 4. 10 (a). It is possible that the 
scattering effect of the silica shell could assist to protect the wool fabric samples 
against irradiation, to a certain extent. The UPF values of the samples treated 
with P25 and A1 were also similar, but both were lower than the R3 and R3@S1 
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treated samples. The UV protection value of the Am treatment was the lowest of 
all. 
6.2.2 Photostability of fabric samples treated with TiO2@SiO2 
Nanoparticles 
In order to investigate the protection effect obtained from the UV absorbers, 
fabric samples were treated with the different types of UV absorbers but without 
an after treatment with polydimethylsiloxane. 
6.2.2.1 Photoyellowing in the dry state 
(1) Photoyellowing of bleached wool fabric samples 
In the dry state, the whiteness and yellowness values of bleached wool fabric 
samples treated with Cibafast W and various dosages of the different types of 
inorganic TiO2 UV absorbers, as well as the untreated bleached control, as a 
function of time, are shown in Figure 6. 6.  
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It can be seen that, the whiteness index of the bleached control decreased 
markedly along with the exposure time, while the whiteness indices of the fabric 
samples treated with the TiO2 based UV absorbers increased to various degrees, 
and Cibafast W has no obvious protective effect. At the same dosage level of the 
UV absorbers, the protective effect can be roughly ranked following the order: 
R3@S1 > R3 > Am > P25 > A1. For each kind of inorganic UV absorber, the 
protective effect increased with increasing dosage level. The treatment with 
R3@S1 NPs greatly retarded the yellowing process of fabric samples, and the 
protection level was also enhanced along with the increase in the dosage level. 
A remarkable improvement in whiteness index was observed on the samples 
treated with 5% o.w.f. R3@S1 NPs, even after 168 h of exposure. 
Owing to the strong whitening effect of TiO2, the whiteness index of the 
bleached fabric samples was further improved after the coating treatment, except 
with the A1 treated samples. And the whitening effect gradually increased with 
the increase in dosage. After bleaching, the initial whiteness index value of fabric 
samples was around 34.5±0.6, whilst the whiteness index value of the fabric 
treated with 5% o.w.f. R3@S1 showed a considerable increase, which was about 
60.5±0.8. The whiteness index values of the fabric samples treated with the same 
level of P25, Am and R3 were 44.4±0.4, 53.1±0.7, and 57.3±0.1 respectively. In 
contrast, the appearance of the A1 treated fabric samples was close to initial 
value at all three dosage levels, while the Cibafast W treated fabric even showed 
a decreased whiteness index value. These trends were in agreement with the 
results for the surface reflectance of fabric samples (as shown in Figure 6. 4). 
The enhanced reflectance in the wavelength range from 400 nm to 450 nm made 
the fabric samples look whiter. The improvements in whiteness indices were 
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different with the various types of TiO2 absorbers in the order: (R3@S1 > R3 > 
Am > P25 > A1). The whiteness index values all increased as the dosage of the 
TiO2 absorber increased. 
After 168 h irradiation, the whiteness index value of the bleached control was 
greatly decreased to (-2.5±0.6). The optimum protective result was observed 
with the sample treated with 5% o.w.f. R3@S1 (59.1±1.3), which was only very 
slightly less than the value measured before irradiation (60.5±0.8). The 
protection of R3 was weaker than with R3@S1 at the same dosage level; the 
whiteness index of 5% o.w.f. R3 coated fabric decreased from 57.3±0.1 to 
53.0±0.9 after 168 h irradiation. Compared with that, the effect of the P25 and 
Am samples was clearly less, the whiteness index value was reduced to 30.4±0.6 
and 33.9±0.8 at the 5% o.w.f. dosage levels, which represented decreases of 
around 14.0 and 19.2 on the values respectively. Regarding the treatment with 
A1, the protective effect was further impaired, because the whiteness value 
decreased from 32.2±0.7 to 18.6±0.7 after 168 h irradiation. The worst 
protection was observed with Cibafast W treatment, which almost showed no 
protection. The whiteness value was decreased to -1.9±0.2 after exposure, which 
was the lowest value among all treated samples. 
More direct visual information is presented in Figure 6. 7, which shows the wool 
fabric samples treated with the different kinds of coating materials, including 
TiO2 samples and Cibafast W, before and after irradiation. 
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Figure 6. 7. Discolouration of bleached fabric samples treated with TiO2 
inorganic UV absorbers and Cibafast W, before (left) and after (right) 168 h of 
simulated solar irradiation, in the dry state. 
The differences between the fabric samples before and after exposure are clearly 
obvious. The photoyellowing of bleached fabric without any protection was 
quite severe after 168 h of irradiation. The treatment of 5% o.w.f. R3@S1 not 
only improved the initial whiteness of the treated fabric, but the improved 
whiteness was maintained even after prolonged irradiation. However, the 
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treatment with Cibafast W initially made the fabric sample yellower, and showed 
almost no protection against yellowing at all. 
As previously pointed out, sunlight contains both UV and blue light 
wavelengths, and wool yellows under the exposure while at the same time that 
yellow colour also is bleached [139]. Both processes happen simultaneously 
during exposure. The maximum yellowing occurs at wavelengths shorter than 
331 nm [37], while between 331 nm and 398 nm, both yellowing and bleaching 
occur simultaneously, but the rate of yellowing is slightly higher than the rate of 
bleaching [74]. The most effective wavelengths of photobleaching range from 
400 nm to 450 nm [38]. Therefore, the colour changes in the presence of the 
TiO2 absorbers were mainly affected by three factors: photoyellowing and 
photobleaching from solar irradiation, as well as the photocatalytic effect from 
TiO2 on the fabric surface. Overall, the photoyellowing and photocatalytic 
effects made the fabric samples yellower; while photobleaching whitened them.  
As previously shown, the properties of UV absorbance and photocatalytic 
activity for the five different types of TiO2 materials were different. Both R3 and 
R3@S1 had strong UV shielding properties but weak photocatalytic activity, 
especially the photocatalytic activity of R3@S1 was almost completely 
eliminated by the silica coating. As far as P25 and A1 were concerned, the UV 
shielding ability and photocatalytic activity effects were both strong, with A1 
even showing stronger photocatalytic activity than P25. As to the Am treated 
samples, the UV shielding ability and photocatalytic activities were both much 
weaker than with the other four types of TiO2 material. Therefore, distinct 
protection effects of the five different TiO2 materials depended on the balance 
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of their UV absorbance and photocatalytic activity, which will be discussed in 
detail below. 
Figure 6. 6 interestingly indicated a slight photobleaching effect for the 3% and 
5% o.w.f. R3@S1 treated samples, as well as the 5% o.w.f. R3 treated sample. 
This was different from the other samples which only became yellow during the 
whole simulated irradiation exposure period. With the samples treated by 5% 
o.w.f. R3, 3% and 5% o.w.f. R3@S1 the whiteness was improved by around 
0.84, 3.06 and 3.36 respectively in the first 24 h. After that, the whiteness index 
values of the 5% o.w.f. R3 and 3% o.w.f. R3@S1 treated samples began to 
decrease. However, the bleaching process continued with the 5% o.w.f. R3@S1 
treated samples. The whiteness value was further increased by about 0.1 units 
during the next 48 h of irradiation, and then it started to decline when the 
irradiation time became prolonged.  
As shown in Figure 6. 4, the R3@S1 nanoparticles worked as a UV filter to 
absorb most of the UV component wavelengths (< 361 nm) while the visible 
component was unaffected, this was also confirmed by the changes in the UPF 
values. Owing to the isolation provided by the silica shell, the photocatalytic 
effect of the core TiO2 NPs was almost entirely blocked. Therefore yellowing 
caused by the photocatalysis effect was almost completely supressed, whilst the 
longer wavelengths > 361 nm not only caused photoyellowing, but also lead to 
a degree of photobleaching of the fabric samples. Along with the increasing 
dosage level, the effect of photoyellowing lessened, and the effect of 
photobleaching became gradually more obvious, which made the samples look 
whiter. Hence, with the R3@S1 NPs treatments, the increases in the whiteness 
C H A P T E R  S I X  
- 116 - 
values were only observed with the 3% and 5% o.w.f. R3@S1 treated samples, 
and the dosage of 5% o.w.f. gave the stronger photobleaching effect.  
It is important to point out that, although the initial whiteness index value was 
increased after the treatment with R3@S1, the whiteness index values of the 
samples treated at the 1% and 3% o.w.f. dosage levels kept decreasing slowly 
with increasing exposure time. This means that, the protection provided by 
R3@S1 NPs against photoyellowing was not sufficient at the low and medium 
dosage levels for the photobleaching effect to become apparent. 
The protection provided by the R3 treatment was similar to that of the R3@S1 
treatment. It was previously shown that R3 NPs could absorb UV light at 
wavelengths shorter than 358 nm (Figure 6. 4). Therefore the processes of 
photoyellowing and photobleaching of R3 treated fabric samples were also quite 
similar to the R3@S1 treated samples. The UPF values of the fabric samples 
treated with R3 nanoparticles were close to those of the fabric samples treated 
with R3@S1 nanoparticles at the same dosage levels. However, a degree of 
yellowing was still observed at prolonged irradiation times with R3 treated fabric 
samples. This means that the yellowing caused by the photocatalysis effect from 
R3 NPs cannot be ignored.  
Unlike the R3@S1 NPs in which photocatalysis was blocked by the silica shell, 
the photocatalytic activity in the R3 treated samples was found to be at a medium 
level. Therefore, the photobleaching effect conflicted with the yellowing caused 
by the photocatalysis effect, so that yellowing effect was more obvious than 
R3@S1, even at high level dosages. The comparison of fabric samples treated at 
the same dosage levels with R3 and R3@S1 NPs confirmed that R3 
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nanoparticles indeed exhibited weakened protection compared with R3@S1 
NPs. 
It could be predicted that the yellowing process due to photocatalysis was going 
to be more obvious because of the high levels of photocatalytic activity in the 
TiO2 materials. As evidence of this, the P25 and A1 treatments were not effective 
against photoyellowing, despite the fact that both of these types of nanoparticles 
provided considerable levels of UV absorption. In the treatments with P25, the 
yellowness index of the treated fabric samples was decreased from 1% to 3% 
o.w.f. to a certain extent, but then was obviously minimized from 3% to 5% 
o.w.f.. This trend was different from the fabric samples treated with R3, R3@S1 
and Am, in which photodegradation was gradually retarded along with increases 
in the treatment levels.  
As far as the treatment with A1 was concerned, the protection effect did not 
change very much with the dosage level. When comparing Figure 4. 6 and Figure 
4. 8, treatments with both P25 and A1 not only showed strong UV absorption 
but also massive photocatalytic activity, especially with the A1 treatment. At 
low-levels of dosage, the amount of UV absorber was not enough to block the 
UV irradiation and that resulted in photoyellowing of the fabric samples. When 
the amount of absorber was increased, although the UV shielding ability may 
have been improved to minimize the photoyellowing from irradiation, the 
photocatalysis effect was also enhanced and became noticeable. Hence, the 
whiteness value was not improved at high dosage levels, as might have been 
expected. 
As a comparison, even a weak UV absorber among the TiO2 treatments (such as 
Am) resulted in better protection because the photocatalysis effect was blocked. 
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As shown in Figure 6. 4, the UV shielding ability of Am was the worst among 
the all treated materials, even worse than Cibafast W. However its protection 
effect was just less than those of R3@S1 and R3 treatments. Owing to the fact 
that the particle size of the Am sample was relatively large, the initial whiteness 
index value of the treated samples was high at the beginning and only slightly 
less than the values of the R3@S1 and R3 treatments. It was worthy of pointing 
out that, the protection from Am was slightly different from R3@S1 and R3, 
because a part of the harmful UV light was reflected rather than absorbed. 
Because of this, the photoyellowing was going deeper than photobleaching, and 
gradually retarded yellowing was observed during irradiation as the dosage level 
was increased. 
(2) Photoyellowing of fluorescent whitened wool fabric samples 
Photoyellowing of fluorescent whitened fabric samples treated with the TiO2 
absorbers and a control, as a function of time, is shown in Error! Reference 
source not found.. It can be seen that, the FWA treated control sample yellowed 
quickly, while the samples treated with the TiO2 inorganic UV absorbers resisted 
the loss of whiteness in various degrees. Protection at the same dosage level was 
ranked in the order: R3@S1 > R3 > P25 > Am > A1. For each kind of inorganic 
UV absorber, the protective effect was increased with the increase in dosage 
level. The yellowing rate was apparently slowed down after the treatment with 
R3@S1 nanoparticles, and a remarkable improvement in whiteness was 
observed at the 5% o.w.f. treatment level with R3@S1 nanoparticles. 
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As previously mentioned, Cibafast W cannot be used appropriately on FWA 
treated fabric samples owing to its absorption of UVA light. Since the TiO2 
materials are UVB absorbers, the whiteness of the fabric samples should not 
have been expected to decrease after the treatment. However, the whiteness of 
samples did show decreases after coating with the TiO2 absorbers, to various 
degrees. The initial whiteness of the FWA treated fabric was around 114.6±1.5, 
whilst the whiteness index value of the fabric treated with 1% o.w.f. R3@S1 
showed a slight decrease to about 109.3±1.3. The values of the fabric samples 
treated at the same level with P25, A1, Am and R3 were 109.3±0.3, 101.61±1.14, 
108.4±0.4 and 104.6±0.9 respectively. When the dosage level was increased, the 
loss of whiteness could be continually amplified. The whiteness index values of 
the fabric samples treated 5% o.w.f. P25, A1, Am, R3 and R3@S1 were 
respectively further decreased to 106.9±0.5, 98.9±0.2, 103.9±1.1, 102.6±0.8 and 
105.7±2.4. These decreased whiteness values indicated that the TiO2 materials 
still interfered with the UVA absorption of the FWA to a certain extent, despite 
the fact that TiO2 is normally categorised as a UVA scatterer. As shown in Figure 
6. 9, compared with the blank control of fluorescent whitened wool fabric, 
absorption in the range from 370 nm to 430 nm was indeed slightly decreased 
after coating with TiO2 materials. In spite of the fact that the visible reflectance 
was enhanced after coating, the whiteness was reduced owing to the decreased 
UVA absorption, which resulted in reduced photo emission of blue light. In 
comparison with the results shown in Figure 4. 6, A1 showed the strongest UV 
absorption and the lowest visible reflectance, and the whiteness loss was much 
more severe than with the other samples. 
C H A P T E R  S I X  
- 121 - 
200 300 400 500 600 700
0
20
40
60
80
100
R
ef
le
ct
an
ce
 (%
)
Wavelength (nm)
 FWA treated
 P25 3% o.w.f.
 A1 3% o.w.f.
 R3 3% o.w.f.
 R3@S1 3% o.w.f.
 Am 3% o.w.f.
 
Figure 6. 9. UV/visible reflectance spectra of bleached and fluorescent whitened 
wool fabric samples treated with TiO2 materials at dosage levels of 3% o.w.f.. 
After 168 h of irradiation, the whiteness index value of the blank control was 
greatly decreased to -13.5±1.2, which revealed a much faster yellowing rate than 
with the bleached sample. The optimum protective result was observed with the 
sample treated with 5% o.w.f. of R3@S1 NPs (50.9±0.2). The protective effect 
of the R3 treatment was less because the whiteness index value decreased to 
36.5±2.6. The protective effects of the P25 and Am treatments were quite close, 
but both were weaker than with R3; their whiteness index values were reduced 
to 28.1±1.5 and 25.2±1.5 at the 5% o.w.f. dosage level respectively. The lowest 
level of protection was provided by the A1 treatment, the whiteness value was 
decreased to 8.7±0.4 at a dosage level of 5% o.w.f., which only indicated a slight 
level of protection. 
More direct visual information is provided in Figure 6. 10, which shows 
photographs of the bleached and fluorescently whitened wool fabric samples 
treated with different TiO2 materials, before and after irradiation. The colour 
difference between the fabric samples before and after exposure clearly shows 
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that the photoyellowing of the FWA treated bleached wool fabric without any 
protection was quite severe after irradiation, and much worse than that of the 
bleached sample (Figure 6. 7). The treatments with 5% o.w.f. of R3@S1 
obviously prevented the loss of whiteness. However, owing to the fact that 
fluorescent whitened wool fabric samples yellowed more readily than bleached 
ones, the R3@S1 treatment was not as effective as on the bleached only samples. 
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Figure 6. 10. Discolouration of bleached and fluorescently whitened wool fabric 
samples treated with the TiO2 materials, as well as an untreated control before 
(left) and after (right) 168 h of simulated solar irradiation in the dry state. 
Similar to what was observed with the bleached fabric samples, the resultant 
discolouration of the FWA treated fabric samples depended upon the three 
competing effects of photoyellowing and photobleaching from solar irradiation, 
as well as the photocatalytic effect from TiO2. However, because of the fact that 
the FWA is a strong UV absorber, the FWA is selectively photoactivated and 
then could transfer the absorbed UV energy to the natural chromophores of wool 
so that all the samples would be rapidly yellowed during the irradiation period. 
At the same time, the photoactivated FWA also is decomposed by absorbing UV 
energy, which further accelerates the decrease in whiteness. In fact, the FWA is 
almost completely degraded after prolonged irradiation, as shown in Figure 6. 
11. It also can be seen that, compared with the untreated and bleached fabric 
samples, the irradiated FWA treated fabric exhibited lower reflectance in the 
visible region, especially in the wavelength range from 400 nm to 500nm. This 
was attributable to the presence of yellow natural chromophores, which 
increased the absorption of blue light. Therefore, the decrease in whiteness index 
of the FWA treated sample was not only caused by photoyellowing of wool 
protein, but also was due to the photodegradation of the FWA. This means that, 
the protective effect of the TiO2 materials on fluorescent whitened wool fabric 
samples was more related to protection of the FWA than of the wool. Compared 
with bleached-only fabric samples, the TiO2 materials exhibited a lesser 
protective effect in general, which will be discussed in detail below. 
C H A P T E R  S I X  
- 124 - 
 
Figure 6. 11. UV/visible reflectance spectra of the bleached and fluorescently 
whitened wool fabric samples before and after 168 h of simulated solar 
irradiation, as well as untreated and bleached wool fabric samples before 
simulated solar irradiation. 
With the R3@S1 treated FWA fabric samples, a slower yellowing rate was 
observed compared with the other TiO2 materials, and the degree of retardation 
gradually increased with the increase in dosage level. In addition, the yellowing 
rate was found to be initially quite fast and then gradually slowed down. 
Specifically, the value of the whiteness index of fabric treated at the 5% o.w.f. 
level was reduced by about 49.2 units after the first 96 h of irradiation, whilst 
the reduction was only 5.5 units during the next 72 h of irradiation. At the 1% 
and 3% o.w.f. dosage levels, the whiteness was respectively decreased to 
37.8±1.6 and 47.9±1.3 units after the first 96 h of irradiation, while the values 
were further reduced to 29.3±1.7 and 38.7±2.1 during the next 72 h of 
irradiation. It is worth pointing out that although the initial whiteness index value 
of the FWA treated sample was quite different from the bleached one, the 
whiteness values after 168 h exposure were interestingly quite close (see Figure 
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6. 6). As shown in Figure 6. 12, the reflectance of the R3@S1 treated fabric 
samples before and after irradiation indicates that, the FWA was almost 
completely degraded after irradiation. In addition, the decrease of reflectance in 
the visible region, especially in the range from 400 nm to 500 nm, was reduced 
when the dosage level of R3@S1 was increased. It appeared that, the protection 
provided by the R3@S1 treatment on FWA treated samples was only effective 
to a certain extent, and not effective enough to completely prevent the 
photodecomposition of the FWA. The continuing loss of the FWA led to the 
sustained decrease in the whiteness index values. However, once the FWA was 
wholly decomposed, the protective effect of the R3@S1 treatment became 
noticeable. Therefore, the protection of R3@S1 on the FWA treated wool fabric 
samples in the later stages of irradiation was actually similar to the protection on 
bleached only fabric. 
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Figure 6. 12. UV/visible reflectance spectra of R3@S1 treated bleached and 
fluorescently whitened wool fabric samples before and after 168 h of simulated 
solar irradiation, as well as an untreated control. 
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The effects of the other TiO2 materials can be explained in the same way. Since 
the FWA was more sensitive to the free radicals generated by the photocatalysis 
of TiO2 than from the natural chromophores of wool, the effectiveness of all the 
TiO2 materials was reduced compared with the results on bleached fabric 
samples at the same dosage levels. The distinctly different protective effects of 
those coating materials can be explained by the balance between their UV 
shielding ability and their photocatalysis effects. As previously mentioned, the 
UV shielding ability of other four TiO2 materials in descending order was A1, 
R3, P25 and Am. However the photocatalytic activities of the materials were in 
a different order, which was from greatest to least A1, P25, R3 and Am. 
Therefore, R3 exhibited poorer protection than R3@S1 at the same dosage level, 
whilst the effectiveness of P25 and A1 was even lower, especially with the A1 
treatments. Owing to its strong photocatalytic activity, the protection afforded 
by the A1 treatment nearly showed no change with the increase in dosage, which 
was due to the increasing photocatalysis effect with increased dosage.  
6.2.2.2 Photoyellowing in the wet state 
Photoyellowing experiments in the wet state were carried out in sealed 
transparent plastic bags, which contained the same weight of water as the fabric 
samples inside.  
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Figure 6. 13. UV/visible reflectance spectrum of a plastic bag. 
The UV reflectance of a plastic bag is shown as Figure 6. 13. It can be seen that 
most of the light can penetrate the plastic especially in the range from 290 nm to 
700 nm, where no absorption peaks were found. Therefore, the interference from 
the plastic bags was negligible. 
(1) Photoyellowing of bleached wool fabric samples 
In the wet state, yellowing occurred much faster than in the dry state. The 
whiteness and yellowness index values of bleached wool fabric samples treated 
with Cibafast W and with various dosages of TiO2 materials, as well as a control, 
as a function of time, are shown in Figure 6. 14.  
C H A P T E R  S I X  
- 128 - 
 
Fi
gu
re
 6
. 1
4.
 E
ff
ec
t o
f t
he
 T
iO
2 U
V
 a
bs
or
be
rs
 a
nd
 C
ib
af
as
t W
 o
n 
th
e 
w
hi
te
ne
ss
 a
nd
 y
el
lo
w
ne
ss
 in
di
ce
s o
f b
le
ac
he
d 
w
oo
l f
ab
ric
 sa
m
pl
es
 
af
te
r 5
 h
 o
f s
im
ul
at
ed
 so
la
r i
rr
ad
ia
tio
n 
in
 th
e 
w
et
 st
at
e.
 
C H A P T E R  S I X  
- 129 - 
It can be seen that, the whiteness of the control sample was decreased remarkably 
after 5 h of exposure, and Cibafast W nearly had no protective effect. Regarding 
the treatments with TiO2 materials, except for A1, the other four materials 
exhibited protection to a certain extent. The effectiveness of the TiO2 materials 
at the same dosage level can be ranked from greatest to least as follows: R3@S1 
> R3 § Am > P25. For R3@S1 and R3, the protective effects generally increased 
with increasing dosage level, whilst the protection levels of P25 and Am 
decreased as the dosage increased. The effect of A1 was not obvious at the low 
dosage level, but accelerated yellowing was observed as the dosage increased. 
As shown in Figure 6. 14, compared with the bleached control, the initial 
whiteness index values of the treated fabric samples were also greater, except 
with sample A1. The trends were similar to those seen in the dry state because 
of the strong whitening effect of TiO2. However, owing to the influence of water, 
the whiteness index results were all lower than the values measured in the dry 
state. After 5 h of irradiation, the whiteness index value of the control had 
decreased from 25.4±0.8 to -1.9±0.5. The optimum protective result was 
observed with the 5% o.w.f. R3@S1 treatment with which the index was reduced 
from 46.2±0.3 to 30.6±0.6. However this value was much lower than that 
measured in the dry state (59.1±1.3). The degree of protection provided by R3 
was less than with the R3@S1 treatment; the whiteness index decreased from 
46.5±0.9 to 22.2±0.9 after 5 h irradiation. Compared with that, the effects of P25 
and Am were somewhat unpredictable. The whiteness values were reduced to 
13.3±0.9 and 21.1±0.6 at 5% o.w.f. dosage respectively, and the values were 
even slightly lower than the results at 3% o.w.f. dosage (14.9±0.2 and 21.4±1.0 
respectively). A1 showed the worst protection effect and an accelerated 
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yellowing rate was observed in the wet state. The whiteness value decreased to 
(-2.1±1.1), (-15.8±1.4), and (-22.8±1.4) respectively at 1%, 3% and 5% o.w.f. 
dosages after 5 h irradiation. The Cibafast W treatment also showed a similar 
effect to the A1 treatment. The whiteness value was decreased to (-5.9±0.7) after 
exposure. 
As in the dry state, the yellowing after sunlight exposure resulted from the effects 
of photoyellowing and photobleaching by solar irradiation, as well as the 
photocatalytic effects from the TiO2 materials. However, in the wet state there 
were differences between the relative magnitudes of these effects compared with 
exposure in the dry state. Specifically the generation of hydroxyl radicals was 
remarkably accelerated in water and trace metal catalysis of radical reactions 
made an important contribution to the observed discoloration. 
With R3@S1 and R3, which showed strong UV shielding ability and negligible 
or low photocatalysis effects, enhanced protection against discolouration was 
observed, and this increased as the dosage level increased. With R3@S1 treated 
samples, thanks to the silica coating, not only the contact between Ti4+ ions and 
wool keratin was minimized, but the photocatalysis effect was also nearly 
completely blocked. On the other hand, the R3 treated fabric samples showed 
relatively low levels of protection, even lower than in the dry state. This was 
because of enhancement of the photoyellowing process and photocatalysis effect 
by TiO2 in the presence of water. With an increase in the dosage, not only the 
UV shielding effect was enhanced, but the photocatalysis process and the 
catalytic effect of Ti4+ ions also contributed to the resultant yellowing. 
It is worth pointing out that, the inefficient protection of Am at the high level 
dosage could be attributed to another reason. Although the level of 
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photocatalytic activity was quite low with Am, its low UV shielding ability made 
yellowing by photoactivation of the chromophores in wool occur more readily 
with increasing amounts of Am. Hence, protection at the 5% o.w.f. dosage level 
was not increased compared with 3% o.w.f. level of treatment. 
(2) Photoyellowing of fluorescent whitened wool fabric samples 
The photoyellowing of bleached and fluorescent whitened wool fabric samples 
treated with the TiO2 materials and an untreated control, as a function of time, 
in the wet state, is shown in Figure 6. 15. Compared with bleached samples in 
the wet state, the FWA treated wool was much more easily yellowed. Only 
R3@S1 and low dosages of R3 exhibited some degree of protection relative to 
the untreated control. All the other treated samples showed obviously 
accelerated yellowing effects. With R3@S1, the protective effect was enhanced 
as the dosage level increased, and the best result was observed at 5% o.w.f.. 
However with the other four samples of TiO2, the yellowing increased with the 
increases in dosage levels.  
C H A P T E R  S I X  
- 132 - 
 
Fi
gu
re
 6
. 1
5.
 E
ff
ec
t o
f t
he
 T
iO
2 t
re
at
m
en
ts
 a
ga
in
st
 p
ho
to
ye
llo
w
in
g 
of
 b
le
ac
he
d 
flu
or
es
ce
nt
 w
hi
te
ne
d 
w
oo
l f
ab
ric
 s
am
pl
es
, i
n 
th
e 
w
et
 
st
at
e,
 a
fte
r 5
 h
 o
f s
im
ul
at
ed
 so
la
r i
rr
ad
ia
tio
n.
 
C H A P T E R  S I X  
- 133 - 
Owing to the presence of TiO2, the initial whiteness index values of treated 
samples were lower than with the untreated control. Compared with the 
decreases observed in the dry state with increasing exposure time, the reductions 
in whiteness index values occurred much more rapidly in the presence of water 
with the same treatments. After 5 h of irradiation, the whiteness index value of 
the untreated control had decreased markedly from 97.4±0.9 to 48.1±0.7. The 
treatment with R3@S1 showed some protective effect, and whiteness index 
values at 1%, 3%, and 5% o.w.f. were 42.0±0.1, 58.2±0.1, and 60.6±0.3 
respectively. With R3 a protective effect was only observed at the 1% o.w.f. 
dosage level, and the magnitude was very slight (52.5±1.2). Higher amounts of 
R3 led to greater yellowing, which was also observed with the other three TiO2 
treatments. The whiteness index values decreased to 25.2±0.4, 23.2±0.4, 
37.9±0.2, and 32.8±0.5 at a treatment level of 5% o.w.f. with P25, A1, R3, and 
Am. respectively. 
Owing to the poor colour stability of FWA treated wool, the influence of 
photocatalytic activity due to the presence of the TiO2 materials was interesting 
to note. With coatings of R3@S1, the photocatalytic activity of the encapsulated 
TiO2 was entirely suppressed at all dosage levels, and photoyellowing was 
retarded owing to the shielding of UV irradiation by the composite nanoparticles. 
On other hand, photocatalytic activity contributed to the reversed protective 
effect of R3. At the low dosage level, the UV protection was enhanced due to 
scattering effect, so that a weak protective effect was observed. However, with 
the increased dosages of R3, the photocatalysis effect became noticeable, and 
the yellowing effect became greater with increasing dosage. As far as P25 and 
A1 were concerned, strong photocatalytic activity was more obvious than with 
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treatments with R3, even at low dosages, and the activity was enhanced with the 
increases in the levels. As with the bleached sample, the poor protection of the 
Am treatment was mainly due to its weak UV shielding ability and the increased 
catalysis effect of contact between the Ti4+ ions and wool keratin, which 
facilitated the yellowing process. 
In summary, the 5% o.w.f. R3@S1 treatment provided the best protection of all 
the TiO2 containing materials. The protection of R3@S1 was more efficient in 
the dry state than when in wet. Bleached wool indicated greater photostability 
under solar irradiation than fluorescent whitened wool in both dry and wet state, 
although its degree of whiteness was lower. 
6.2.3 Coating wool fibres with ZnO@SiO2 NPs 
6.2.3.1 Surface morphology 
Photomicrographs of bleached wool fibres before and after coating with Z5@S3 
NPs are shown in Figure 6. 16. Compared with the untreated wool fibre (Figure 
6. 16 (a)), the coating with Z5@S3 NPs shows increased surface roughness. As 
shown from Figure 6. 16 (b) to (d), the number of Z5@S3 NPs grew as the 
dosage level increased, and particle aggregation was observed at the dosage level 
of 5% o.w.f. As seen with coatings of R3@S1 NPs, the Z5@S3 NPs were quite 
small, and a single nanoparticle was difficult to see. However a relatively even 
distribution of mono-disperse particles can be observed in the higher 
magnification image of the 3% o.w.f. treatment (Figure 6. 16 (e)). The energy-
dispersive X-ray spectroscopy (EDX) plot (Figure 6. 16 (f)) further confirmed 
the presence of Z5@S3 NPs on the surface of fibres. 
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Figure 6. 16. SEM images of bleached wool fibres with (a) no treatment, coated 
with (b) 1% o.w.f., (c) 3% o.w.f., (d) 5% o.w.f. Z5@S3 NPs, and the (e) 
magnified view of the fibre surface coated with 3% o.w.f. of Z5@S3 NPs, as 
well as the (f) EDX plot of (e). 
SEM images of bleached wool fibres before and after coating with the Z2 and 
Z5 samples are shown in Figure 6. 17. 
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Figure 6. 17. SEM images of bleached wool fibres with treatments of (a) Z2, (b) 
Z5; (c) and (d) are magnified views of (a), and (b) respectively, all samples are 
at the 3% o.w.f. dosage level. 
As can be seen in Figure 6. 17 (a) and (b), the dispersions of Z2 and Z5 
nanoparticles are relatively even on the fibre’s surface. Z2 seemed to be present 
as a continuous layer containing some aggregated particles on at parts of the 
surface of the fibre (Figure 6. 17 (c)). The average particle size in the Z2 
treatment was quite small and individual particles were difficult to see at this 
magnification. Z5 NPs appeared to be quite evenly distributed (Figure 6.17(b)), 
and further magnification of fibre surface confirmed that Z5 NPs (Figure 6. 17 
(d)) were in a mono-dispersed state, which was similar to that seen treated with 
the Z5@S3 NPs in Figure 6. 16 (e). 
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6.2.3.2 UV/Vis reflectance 
The ZnO samples were applied to bleached wool fabric samples and the 
reflectance spectra are shown in Figure 6. 18. 
 
Figure 6. 18. Comparison of UV reflectance spectra of bleached wool fabric 
samples before and after treatments with (a) Z5@S3 NPs at three different 
dosage levels, and (b) the three types of ZnO UV absorbers at the 3% o.w.f. 
dosage level, as well as a Cibafast W treated sample. 
The curves in Figure 6. 18 (a), show that the surface absorption of samples 
treated with Z5@S3 NPs was much greater than the untreated fabric in the UV 
area of the spectrum, whilst the reflectance of visible light was slightly 
decreased. Both of these changes were enhanced with increasing dosage of the 
Z5@S3 NPs. Owing to the strong absorption of Z5@S3 NPs in UV region, the 
surface absorption of fabric treated with Z5@S3 NPs was red shifted to 374 nm. 
This value was different from the result of absorption of Z5@S3 NPs in the 
liquid phase (400 nm), and again this can be attributed to reduced aggregation 
due to solvation of the nanoparticles by the dispersion medium. A continuous 
increase in absorption in the UV region was observed with the increased dosage 
of Z5@S3 NPs, nevertheless the rate of increase slowed down as the dosage 
level increased. The absorption at 350 nm of the blank control, and 1%, 3% and 
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5% o.w.f. of Z5@S3 treated samples was 62.0%, 77.8%, 85.1% and 88.5% 
respectively. On the other hand, there was no significant change in reflectance 
throughout the visible region. The reflectance at 450 nm of the blank control, 
and 1%, 3% and 5% o.w.f. of Z5@S3 treated samples was 69.9%, 72.2%, 70.9% 
and 71.9% respectively. This was different from what was observed with the 
R3@S1 NPs which had a strong whitening effect on the treated samples. This 
appeared to be due to the relatively lower refractive index of ZnO (2.0), and the 
smaller mean size of the particles which also helped to decrease the scattering 
effect. The decreased whitening effect and increased transparency of the particle 
coating could be useful in maintaining colour strength when the treatment is 
applied to dyed samples. 
Figure 6. 18 (b) shows the UV/Vis reflectance spectra of fabric treated with the 
ZnO coating materials Z2, Z5 and Z5@S3, and also the Cibafast W treated 
sample. As with TiO2, the ZnO treated fabrics all showed enhanced absorption 
of UV light to various degrees. It can be seen that, the curves of Z5 and Z5@S3 
were extremely close, which means that the silica coating had little influence on 
the UV shielding provided by the core ZnO particles. Specifically, the absorption 
at 350 nm for 3% o.w.f. of samples Z2, Z5 and Z5@S3 was 74.3%, 84.5% and 
85.1% respectively. Both the Z5 and Z5@S3 treatments showed stronger 
absorption of UV light than the Z2 and Cibafast W (82.4%) treatment. This is in 
agreement with the results of the UV/Vis absorption measurements in the liquid 
phase. Because of the greater scattering caused by the smaller particle sizes of 
samples Z5 and Z5@S3, their transmission spectra showed stronger absorption 
than with sample Z1. In addition, as previously mentioned, ZnO is a UVA 
absorber, with a similar absorption spectrum to that of Cibafast W. The surface 
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coating also made the leading edge of the UV absorption curves of the wool 
fabric samples to be red shifted; UV absorption started at 322 nm with sample 
Z2 and at 372 nm with sample Z5. Owing to the effects of solvation of the 
dispersions in the liquid phase, all three ZnO materials showed blue shifts of the 
leading edges of their UV absorption bands. On the other hand, the surface 
reflectance of the fabric samples after the coating treatments was almost 
unchanged. As the curves show, the Z5 and Z5@S3 treated samples exhibited 
similar reflectance spectra to the blank control in the visible region, while the 
samples treated with Z2 produced a slightly lower reflectance. As sample Z2 had 
a much smaller particle size distribution so the scattering effect was much 
weaker and the reflectance of this treated sample in the visible region was lower 
than the samples treated with the Z5 and Z5@S3 preparations. 
6.2.3.3 UPF values 
The differences between the UPF values caused by the surface coating of the 
ZnO UV absorbers are shown in Figure 6. 19. 
 
Figure 6. 19. UPF values of bleached wool fabric samples before and after 
treatments with the ZnO UV absorbers at treatment levels of 1%, 3%, and 5% 
o.w.f. respectively, as well as the Cibafast W treated sample. 
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As with TiO2, the three ZnO absorbers all showed increases in the UPF values 
to various degrees. The increments were more or less linear with the increase in 
dosage. Therefore, the UPF values of the ZnO-treated samples also can be 
controlled according to the amount of ZnO applied. This result was in agreement 
with the UV/Vis reflectance spectra of the samples (Figure 6. 18), which also 
provided further evidence that the UV shielding ability of ZnO NPs was not 
weakened by the silica coating, due to a possible scattering effect from the silica 
shell. The UPF value of sample Z2 was somewhat lower than with the Z5 and 
Z5@S3 treatments. The reason was because the absorption band of Z2 treated 
fabric in the UV region was narrower than with the Z5 and Z5@S3 treatments. 
From the spectra it appeared that Cibafast W had a qualitatively greater 
protective effect than the ZnO absorbers. This was perhaps owing to the earlier 
started UV absorption edge of Cibafast W. 
6.2.4 Photostability of fabric samples treated with ZnO NPs 
6.2.4.1 Photoyellowing in the dry state 
(1) Photoyellowing of bleached wool fabric samples 
The Whiteness and Yellowness Index values of the bleached wool fabric 
samples treated with Cibafast W and various dosages of the ZnO materials, as 
well as a bleached control, in the dry state, as a function of exposure time to 
simulated solar radiation, are shown in Error! Reference source not found.. It 
can be seen that, the whiteness of the fabric treated with Z5 and Z5@S3 showed 
slower decreases in both Whiteness Indices than the control, while Z2 nearly had 
no protective effect which was similar to the Cibafast W treated sample. The 
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protective effect at the same dosage level for the ZnO materials can be roughly 
ranked in the order: Z5@S3 > Z5 > Z2. For Z5 and Z5@S3; in each case the 
protective effect increased with the dosage level increase, however the Z2 
treatment exhibited an opposite trend, in which the level of protection decreased 
as the amount of absorber increased. A remarkable degree of preservation of the 
Whiteness Index value was observed at the 5% o.w.f. treatment level with 
Z5@S3 NPs, which only showed a slight decrease after 168 h of exposure.
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Compared with TiO2, the reflective index of ZnO was relatively low and hence 
there were no noticeable increases in the whiteness of bleached fabric samples 
after application of this UV absorbing material. This was in agreement with the 
measurements of surface reflectance of the fabric samples (shown in Figure 6. 
18), in which the reflectance in the wavelength range from 400 nm to 500 nm 
only showed slight increases after coating. After 168 h of irradiation, the 
Whiteness Index value of the bleached control decreased greatly from 34.5±0.6 
to -2.5±0.6. The best protective result was observed with the treatment with 5% 
o.w.f. of Z5@S3, with which the Whiteness Index decreased from 35.7±1.0 to 
26.2±1.8. The protection provided by Z5 was less than with Z5@S3 at the same 
dosage, the whiteness of the 5% o.w.f. Z5 treated sample decreased from 
34.1±0.8 to 21.1±1.2 after 168 h of irradiation. Compared with that, the effect of 
Z2 was somewhat lower, the whiteness value was reduced from 34.1±0.5 to -
1.5±2.6 at a dosage of 1% o.w.f.. Increases in the amount of Z2 even resulted in 
greater photoyellowing, so the Whiteness Index values decreased from 33.9±0.6 
to -1.5±1.2 at 3% o.w.f., and from 35.1±0.8 to -3.1±0.6 at 5% o.w.f. after 168 h 
of irradiation.  
More direct visual information is presented in Figure 6. 21, which shows the 
bleached wool fabric samples treated with different kinds of ZnO coating 
materials, and Cibafast W, before and after simulated solar irradiation. 
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Figure 6. 21. Discolouration of bleached wool fabric samples treated with the 
ZnO materials and Cibafast W, as well as a bleached control, before (left) and 
after (right) 168 h of simulated solar irradiation, in the dry state. 
As shown in Figure 6. 21, all the samples including the control fabric, appeared 
to possess similar degrees of yellowness before exposure. After exposure, the 
photoyellowing of the sample without any UV absorber was quite severe, similar 
to the yellowing of the samples treated with Z2 and Cibafast W. However, the 
samples treated with Z5 and Z5@S3 did not yellow severely and the protective 
effect was enhanced with increased dosage. Especially at the 5% o.w.f. dosage 
level, Z5@S3 treated sample only showed slight discolouration after 168 h of 
irradiation. 
As with TiO2, the three ZnO absorbers also revealed distinct effects related to 
the balance of UV shielding and photocatalytic activity of the absorbers. The 
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protection afforded by the ZnO materials against yellowing increased the more 
the photocatalytic activity was suppressed. Specifically, the UV shielding effect 
of treatments with Z2, Z5 and Z5@S3 was similar, but their photocatalytic 
activity decreased in the order: Z2 > Z5 > Z5@S3. Although Z2 treatment could 
absorb UV irradiation to a certain extent which was helpful for preventing 
photoyellowing, the generated free radicals by its efficient photocatalysis effect 
led to overall discolouration. With the increase of dosage of Z2, photocatalytic 
activity was increased and lower protection was observed. By comparison, the 
photocatalytic activity of Z5 was much lower, hence the yellowing caused by 
photocatalysis was not as noticeable as with Z2. With the increase in dosage, the 
UV shielding effect of Z5 was further enhanced, while the photocatalysis was 
increased only slightly. Therefore, improved protection was observed with the 
increase in dosage. As far as the Z5@S3 treatments were concerned, owing to 
the silica coating, the photocatalysis effect of the Z5@S3 was almost completely 
supressed, and more efficient protection was provided by the highest level of the 
Z5@S3 treatment. 
(2) Photoyellowing of fluorescently whitened wool fabric samples 
The whiteness and yellowness index measurements of the fluorescent whitened 
wool fabric samples, to which ZnO materials had been applied, are shown in 
Figure 6. 22.  
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It can be seen that, except for the highest level of Z5@S3, the other treatments 
were not able to prevent the photoyellowing of fluorescent whitened wool fabric 
samples. The protection at the same dosage level of the treatments can be ranked 
in the following order: Z5@S3 > Z5 > Z2. For Z5@S3 and Z5; in each case the 
protective effect was enhanced with increases in the dosage levels. The best 
result with Z2 was observed at 3% o.w.f. and with Z5@S3 at 5% o.w.f..  
As with TiO2, the whiteness of the samples also decreased after the coatings of 
ZnO were applied, but in this case the changes were more obvious. After 
fluorescent whitening, the initial whiteness was around 114.6±1.5, whilst the 
whiteness value of the fabric treated with 1% o.w.f. of Z2, Z5 and Z5@S3 was 
104.8±0.3, 104.8±0.9, and 102.9±0.3 respectively. The loss of whiteness 
continued as the amount of coating was increased. The Whiteness Index values 
of the fabric samples treated with 5% o.w.f. of Z2, Z5 and Z5@S3 were further 
decreased to 91.8±1.3, 93. 7±0.4, and 89.3±1.0 respectively. This means that, 
the UVA absorption of the FWA was interfered with by ZnO to a certain extent, 
and the interference became more severe with the dosage level increase. As 
previously mentioned, ZnO is a UVA absorber, with an absorption band which 
started at 374 nm (Figure 6. 18), while the FWA absorption started around 370 
nm, as shown in Figure 6. 3. ZnO not only showed a wider UV absorption than 
TiO2, but also the reflectance in the visible region was not enhanced like with 
TiO2 after coating, therefore the interference effect was more severe than with 
TiO2. 
After 168 h of simulated solar irradiation, the best result was observed with the 
5% o.w.f. Z5@S3 treatment, with which the whiteness index value was reduced 
to 18.7±1.2. For the treatments at 1% and 3% o.w.f. of Z5@S3, the whiteness 
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index values decreased much more to (-1.9±0.9) and 2.3±2.2 respectively. With 
Z5 and Z2, no apparent alleviation of photoyellowing was observed. The 
whiteness index values dropped to 3.3±1.2 at 5% o.w.f. of Z5, and to 1.0±0.4 
and -7.2±0.5 at the 3% and 1% o.w.f. levels respectively. The greatest yellowing 
was observed with the Z2 treatments, the whiteness index value decreased to -
9.5±0.5 at a dosage of 3% o.w.f. which was the best result among the three 
dosage levels. Both the 1% and 5% o.w.f. were worse, (-15.67±0.80) and (-
10.81±0.34) respectively. 
More direct visual information is presented in Figure 6. 23, which shows the 
FWA treated wool fabric samples with different ZnO treatments before and after 
irradiation for 168 hours. The treatment with 5% o.w.f. of Z3@S1 gave the least 
discolouration among all the samples and lesser reductions were observed at the 
lower treatment levels. Both Z2 and Z5 showed some reductions in yellowing 
with the dosage increases. However none of these treatments were effective for 
preventing the photoyellowing of FWA treated wool fabric to any useful degree. 
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Figure 6. 23. Discolouration of bleached and fluorescently whitened wool fabric 
samples treated with the ZnO materials, as well as an untreated control before 
(left) and after (right) 168 h of simulated solar irradiation in the dry state. 
Compared with the protection provided by the ZnO materials on bleached wool, 
their efficiency was much worse on the fluorescent whitened wool fabric 
samples. The reasons for this are quite complex. One reason was the poor 
stability of the FWA to UV light. Fast decomposition of the FWA resulted in 
severe reductions in the whiteness index values. With Z2 and Z5, the photolytic 
decomposition process was speeded up owing to the photocatalytic effect of 
ZnO. It is worth pointing out that, the predominant reasons for photoyellowing 
with Z2 at the low and high level dosages were different. At the low treatment 
level, discolouration was mainly caused by photoyellowing from the effect of 
UV irradiation on wool, whilst at the higher amount yellowing was caused 
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mainly by photocatalysis involving ZnO. It is also the reason why a lower degree 
of protection was observed with the increased amounts of Z2, while the 
protection was enhanced with increased amounts of Z5 and Z5@S3 with which 
there were reduced or negligible levels of photocatalytic activity. However, 
insufficient UV shielding was the main reason which led to low levels of 
protection with ZnO. It has already been shown in Figure 6. 19 that the UPF 
values of the ZnO treated samples were clearly lower than with the Cibafast W 
treated sample. Therefore, the harmful UV radiation could not have been 
completely absorbed by the ZnO coating. For Z5@S3, although the 
photocatalysis effect was almost blocked, insufficient UV absorption resulted in 
an unsatisfactory level of protection. 
6.2.4.2 Photoyellowing in the wet state 
(1) Photoyellowing of bleached wool fabric samples 
The discolouration of the bleached wool fabric samples treated with Cibafast W 
and various dosages of the ZnO materials, as well as an untreated control in the 
wet state, as a function of time of exposure to simulated sunlight, is shown as 
Figure 6. 24. It can be seen that, the treatment with Z5@S3 showed some degree 
of protection, while treatments with Z2 and Z5 exhibited no protective effects. 
Z2 even accelerated the photoyellowing rate. For Z5@S3, the protective effect 
became greater with the dosage level increase, whilst the protection due to Z5 
was nearly unchanged with the increase in dosage. The effect of Z2 was 
negligible at a low dosage, but increased yellowing was observed with the 
dosage increase.  
C H A P T E R  S I X  
- 151 - 
 
Fi
gu
re
 6
. 2
4.
 E
ff
ec
t o
f Z
nO
 U
V
 a
bs
or
be
rs
 a
nd
 C
ib
af
as
t W
 a
ga
in
st
 p
ho
to
ye
llo
w
in
g 
of
 b
le
ac
he
d 
w
oo
l f
ab
ric
 sa
m
pl
es
, a
fte
r u
p 
to
 5
 h
 o
f 
ex
po
su
re
 to
 si
m
ul
at
ed
 so
la
r i
rr
ad
ia
tio
n,
 in
 th
e 
w
et
 st
at
e.
 
C H A P T E R  S I X  
- 152 - 
Compared with the results in the dry state, the protection provided by the ZnO 
materials was greatly reduced, which was similar to the results obtained with the 
TiO2 UV absorbers. After 5 h of irradiation, the best protective result was 
observed with 5% o.w.f. of Z5@S3 nanoparticles, with which the whiteness 
index value of the fabric sample was reduced from 26.5±0.3 to 13.4±0.3. This 
reduction in whiteness index occurred at a much greater rate than in the dry state. 
For low and medium dosages of Z5@S3, the yellowing was greater, with the 
whiteness index values dropping to (-1.0±0.3) and 7.2±0.1 respectively at 1% 
and 3% o.w.f.. No significant protective effect was seen with Z5, even at the 
higher dosage levels. It can be seen that, the values for 1%, 3% and 5% o.w.f. of 
the Z5 treatments after 5 h of exposure were (-1.4±1.4), (-1.3±0.1), and (-
1.2±0.2) respectively. On the other hand in the wet state, an accelerated 
yellowing rate was observed with treatments of Z2; the whiteness index values 
decreased to (-2.1±0.7), (-12.2±0.3), and (-0.6±0.2) respectively at the 1%, 3% 
and 5% o.w.f. dosage levels, after 5 h of irradiation. 
The changes in the whiteness and yellowness index values, as shown in Figure 
6. 24Error! Reference source not found., were closely related to the balance 
of the UV shielding and photolysis properties of the ZnO materials. As with the 
TiO2 absorbers in the wet state, the catalysis effect from ZnO also contributed to 
the accelerated yellowing observed. With the Z5@S3 treated samples, the silica 
coating not only minimized the contact between Zn2+ ions and wool keratin, but 
also the photocatalysis effect was almost completely blocked and this resulted 
in the protection of the bleached wool fabric samples in the wet state. With 
increasing dosage of Z5@S3, the UV shielding effect was further enhanced, so 
that a greater protective effect was observed. However, the treatments with Z5 
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and Z2 contributed to both an increased photocatalysis effect and greater contact 
between Zn2+ and wool keratin which further catalysed the reaction. Hence, the 
observed yellowing was enhanced with increasing dosage of the materials. 
Because the photocatalytic effect of Z2 was greater than with Z5, the 
acceleration of the yellowing process was much more obvious with the Z2 
treatments. Although the photocatalytic effect of Z5 was relatively weak, its UV 
shielding ability at the low dosage level significantly contributed to the 
protection of the treated samples against the fast yellowing rate in the wet state. 
Despite the increased UV protection with increasing dosage rate, the 
photocatalytic effect was also considerably increased; therefore the whiteness 
index values remained more or less the same with the Z5 treatments. 
(2) Photoyellowing of fluorescent whitened wool fabric samples 
The effects of the ZnO absorbers on fluorescent whitened wool fabric samples 
against photoyellowing in the wet state, as a function of time, are shown in 
Figure 6. 25.  
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Again it can be seen that, the protective effect of the ZnO materials was much 
lower than in the dry state. Z5@S3 showed only a slight protective effect against 
discolouration; while both the Z2 and Z5 treated samples underwent accelerated 
yellowing processes. Specifically, after 5 h of irradiation, the differences 
between the whiteness index values for three dosage levels of Z5@S3 treated 
samples were quite small: they were 49.0±0.2 (1% o.w.f.), 49.5±0.2 (3% o.w.f.), 
and 52.0±0.1 (5% o.w.f.), and did not represent obvious improvements relative 
to the control (48.1±0.7). 
As previously mentioned, the FWA was very easily degraded and this resulted 
in fast discolouration of the samples treated with the fluorescent whitener. 
Applications of Z5 and Z2 sped up this trend, owing to the photocatalytic activity 
of the oxides and the yellowing also became worse with increasing treatment 
levels. With the Z5@S3 coatings, although the photocatalytic activity was 
suppressed by the silica layer, the discolouration levels were not significantly 
changed with increasing dosage. In this case, the UV shielding ability did not 
appear to be sufficient to protect the FWA treated wool fabric against 
degradation during exposure under wet conditions.  
Comparing the results of the ZnO materials on bleached and FWA treated wool 
fabric samples in the dry state, it was found that the treatments with 5% o.w.f. 
of Z5@S3 provided the maximum levels of protection in all cases. As previously 
found with R3@S1, the protection obtained with Z5@S3 was much greater in 
the dry state than when the samples were wet. With the wet FWA treated fabric 
samples, the protection obtained even with the high level of Z5@S3 was 
negligible, owing to the low level of UV shielding provided by the treatment. 
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6.2.5 Comparison of TiO2@SiO2 and ZnO@SiO2 
When comparing the protective effects obtained with the silica coated TiO2 and 
ZnO absorbers at the same dosage levels, it is apparent that R3@S1 was the most 
efficient protective agent.  
The two materials were relatively efficient UV absorbers, although TiO2 was a 
slightly stronger UV absorber than ZnO, they both provided high UV shielding 
and completely blocked photocatalytic activity. R3@S1 was found to have a 
higher UPF value than Z5@S3 at the same dosage level. Also the photobleaching 
effect was found to be greater on R3@S1 treated samples and this contributed to 
the stability of the whiteness index values during the longer exposure times. In 
addition, the high refractive index of TiO2 improved the initial whiteness of the 
bleached wool fabric samples, which benefited the wool quality. Also, the 
relatively low absorption of UVA rays made R3@S1 more suitable for use with 
FWA treated wool as it showed weaker interference than Z5@S3. This suggests 
that treatments with R3@S1 could be used to replace or minimize FWA 
treatments to a certain extent. 
6.2.6 Coating with polydimethylsiloxane 
As shown above, coating treatments with 5% o.w.f. R3@S1 were the most 
effective at preventing discolouration of wool. In order to minimize the 
interference from the FWA, bleached wool fabric was selected for further 
investigations of treatment durability. In this study, 1% o.w.f. 
polydimethylsiloxane was applied onto the 5% o.w.f. R3@S1 coated bleached 
wool fabric. 
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Polydimethylsiloxane (PDMS) is a widely used silicon-based organic polymer, 
which is optically clear, non-toxic and non-flammable. After polymerization and 
cross-linking, polydimethylsiloxane can provide a hydrophobic surface on a 
treated fabric. It has been widely used in research on superhydrophobic fabric 
coatings where it has been found to improve the durability and hydrophobicity 
of treated fabric samples [140, 141]. In this work, the surfaces of the silica shells 
were expected to be covered with silanol groups owing to the hydrolysis and 
condensation polymerization of tetraethylorthosilicate. With wool, there were 
considerable numbers of amino-acid residues in the outer layers of the fibres. 
Polydimethylsiloxane would be expected to react with both of the silica coating 
and wool keratin and form bridges between the nanoparticles and wool fibres. 
This would be expected to enhance the durability of R3@S1 nanoparticles on 
the wool fibre surface. The treatment procedure is illustrated in Figure 6. 26 
 
Figure 6. 26. Procedure to prepare photostable wool fabric and its behavior under 
solar irradiation. 
When the core R3 particles were photoactivated by UV irradiation, the generated 
electron and hole pairs would find it difficult to react with surrounding water 
and oxygen molecules owing to the isolation provided by silica shell. Therefore, 
the generated electron and hole pairs would be expected to recombine with the 
evolution of heat, thus transforming the absorbed UV radiation into heat. 
C H A P T E R  S I X  
- 158 - 
6.2.6.1 Surface morphology 
SEM images shown in Figure 6. 27 are of 5% o.w.f. R3@S1 coated bleached 
wool fibres treated with 1% o.w.f. polydimethylsiloxane. Figure 6. 27 (a) shows 
that, the surface of fibre after polydimethylsiloxane coating became smoother 
because even the scales were coved by polydimethylsiloxane polymer. The 
higher magnification image (Figure 6. 27 (b)) further revealed that, the surface 
loading of R3@S1 nanoparticles remained as a dense and uniform dispersion, 
and the polydimethylsiloxane was filled into the spaces between the particles 
and the fibre surface. Therefore, the fibre and R3@S1 NPs were tightly coupled 
by polydimethylsiloxane polymer, which should provide improved fastness for 
R3@S1 NPs. 
 
Figure 6. 27. SEM images of (a) 5% o.w.f. R3@S1 NPs coated bleached wool 
fibres after treated with 1% o.w.f. polydimethylsiloxane, and (b) a higher 
magnification view of (a). 
6.2.6.2 UV-Vis reflectance and UPF value 
As the curves in Figure 6. 28 (a) show, compared with the treated sample without 
that polydimethylsiloxane coating, a lower reflectance curve was observed after 
the polydimethylsiloxane coating at wavelengths between 200 nm and 520 nm. 
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As shown in Figure 6. 27, the surfaces of fibres were smoother after the 
polydimethylsiloxane coating, and this may have led to a reduced scattering 
effect as the polydimethylsiloxane covered the R3@S1 NPs to a certain extent. 
At wavelengths in the visible region, the decreased scattering effect contributed 
to the drop of reflectance. At the same time, the presence of 
polydimethylsiloxane also interfered with the absorption of UV light. The UV 
light needed to penetrate through the polydimethylsiloxane coating layer before 
it could be absorbed by the R3@S1 NPs. A certain amount of energy loss was 
caused by the penetration process. Hence higher absorption was observed in that 
UV portion of the spectrum. However, the leading UV absorption edge was not 
shifted after polydimethylsiloxane coating, and remained at 361 nm. 
 
Figure 6. 28. (a) UV reflectance, and (b) UPF values of 5% o.w.f. R3@S1 coated 
bleached wool fabric samples before and after polydimethylsiloxane coating 
treatments. 
The UPF value after polydimethylsiloxane coating (Figure 6. 28 (b) showed no 
significant change, which was indicated by a slight increase after 
polydimethylsiloxane coating. The value was increased from 200.1±0.9 to 
203.8±13.1, which means that the change caused by the polydimethylsiloxane 
coating was not obvious. 
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6.2.6.3 Photoyellowing trends in the dry state 
Owing to the hydrophobicity conferred on the fibres by the 
polydimethylsiloxane treatment, it was difficult to wet this fabric. Hence the 
photostability of the wool fabric treated with R3@S1 nanoparticles and 
polydimethylsiloxane was only tested in the dry state. 
In Figure 6. 29 (a), the yellowing process in the dry state of bleached wool fabric 
samples coated with 5% o.w.f. R3@S1 and 1% o.w.f. polydimethylsiloxane is 
shown. The results indicate that the photostability of the sample was high, and 
only a slight discolouration was observed after the longest exposure time. 
Specifically, the initial whiteness index value was 40.7±3.6, while the value was 
39.9±3.4 after 168 h of exposure. Owing to the weaker scattering effect caused 
by the polydimethylsiloxane coating, the initial whiteness index value was a little 
lower than that of the 5% o.w.f. R3@S1 treated sample (60.5±0.8). 
 
Figure 6. 29. (a) Photoyellowing process of bleached wool fabric coated with a 
5% o.w.f. R3@S1 and polydimethylsiloxane during 168 h simulated solar 
irradiation in the dry state, and (b) an image of the sample before (left) and after 
(right) irradiation. 
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6.2.6.4 Washing durability 
As previously pointed out, the bleached wool fabric treated with 5% o.w.f. 
R3@S1 and coated with polydimethylsiloxane was prepared in order to ensure 
the washing durability of the treatment. The loss of coating materials during the 
washing process was indicated by changes in UV reflectance of the samples and 
SEM photographs, which are shown in Figure 6. 30 and Figure 6. 31. 
 
Figure 6. 30. Changes in the UV/Visible reflectance of bleached wool fabric 
coated with 5% o.w.f. R3@S1 and polydimethylsiloxane during the process of 
washing. 
As the number of washing cycles increased, the reflectance in the visible 
wavelength region decreased while the absorption in UV region increased. This 
seems to indicate the loss of R3@S1 during washing. As confirmation of this, 
the surface morphologies of the fabric samples after 5th, 30th, and 50th washing 
are illustrated in the SEM images shown in Figure 6. 31. 
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Figure 6. 31. SEM images of bleached wool fabric samples coated with 5% 
o.w.f. R3@S1 and polydimethylsiloxane after (a) the 5th washing, and (b) at 
higher magnification of (a); (c) after the 30th washing, and (d) at higher 
magnification of (d); as well as (e) after the 50th washing, and (f) at higher 
magnification of (e). 
It can be seen that, after the 5th washing (Figure 6. 31 (a) and (b)), the scales of 
the wool fibre were damaged to a certain extent owing to the severe mechanical 
action of the steel balls used in the washing process. However, the adhesion 
between the R3@S1 and polydimethylsiloxane coating layer and the wool fibre 
was apparently high, and almost no obvious loss of the coating was observed as 
the magnified image shown in Figure 6. 31 (b). With continued washing, the 
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coated layer was considerably removed. As seen after the 30th washing (Figure 
6. 31 (c) and (d)). The layer remained only in certain areas of the fibre and 
particularly close to some scale edges which apparently provided some 
protection for the coating layer. After the 50th washing (Figure 6. 31 (e)), the 
coating layer had almost completely disappeared. The more highly magnified 
image also revealed that the surface of wool fibre was badly damaged. Therefore, 
the results indicated that, the R3@S1 and polydimethylsiloxane coating could 
survive 50 hand washes. Coherent coatings may not be expected to survive more 
than around five hand washes. 
6.3 Conclusion 
In this chapter, the protection afforded by specially synthesized silica coated 
titanium dioxide (R3@S1) and zinc oxide (Z5@S3) nanoparticle products on 
reductively bleached and fluorescent whitened wool fabric samples against 
discolouration by photoyellowing was examined in the both the dry and wet 
states. Discolouration measurements revealed that a 5% o.w.f. R3@S1 treatment 
exhibited the best protective effect of the treatments measured. There was little 
change in the colour of undyed treated wool samples after exposure to simulated 
solar radiation for 168 hours. The application appeared to be able to withstand 
50 hand washes.  
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Chapter 7. Conclusion 
In this work, two new types of inorganic UV absorbers, consisting of composite 
core-shell structured silica coated titanium dioxide and zinc oxide nanoparticles, 
have been fabricated and applied onto bleached wool fabric to protect it against 
becoming yellow in sunlight. Based on the balance between the optical 
properties of the core particles and the silica shells, composite nanoparticles with 
high UV shielding ability and visible transmittance, as well as possessing 
negligible photocatalytic effects have been successfully fabricated. 
Discolouration measurements carried out on samples treated with the 
nanoparticle products in simulated sunlight have indicated that suitable products 
can be prepared, especially from titanium dioxide, which can significantly 
protect wool keratin against photoyellowing in sunlight. 
7.1 Summary 
Core-shell structured, mono-disperse composite, titanium dioxide and zinc oxide 
nanoparticles coated with nanolayers of silica were made and the possible use of 
these products to protect wool against photoyellowing in sunlight was 
investigated.  
In the case of titanium dioxide, the composite particles were made by firstly 
preparing spindle-like, mono-disperse, rutile type nanoparticles of various sizes 
from amorphous TiO2, by varying the conditions of peptisation in the presence 
of hydrochloric acid at room temperature. After measuring UV absorption, 
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visible transparency and photocatalytic activity, TiO2 nanocrystallites around 
100 nm in length were selected as potentially suitable core particles. In a second 
synthetic step these particles were coated with a very thin layer of silicon 
dioxide. This was achieved by a sol-gel process using tetraethylorthosilicate 
under alkaline conditions. Effective suppression of the photocatalytic effects, 
due to TiO2 NPs, by the silica shells was observed when their thickness reached 
7 nm, with only a slight concurrent decreases in UV shielding and visible light 
transmittance. 
Similarly, core-shell structured mono-disperse ZnO NPs were also successfully 
fabricated by first preparing rod-like ZnO NPs. This was done by thermal 
hydrolysis of Zn(OH)2 in the presence of polyvinylpyrolidone. By varying the 
reaction conditions, a range of different sized particles was obtained. The UV 
absorption, visible transparency and photocatalytic activity of the nanoparticles 
was measured and a preparation of ZnO nanocrystallites with an average length 
of 90 nm was selected as optimal. These particles were coated with nanolayers 
of silicon dioxide using the same process as with the TiO2 nanocrystals. 
Effective suppression of photocatalysis effects of the ZnO NPs was observed 
when the thickness of the silica layer was about 5 nm. The composite particles 
exhibited high UV shielding ability and only slightly decreased transmittance at 
visible wavelengths. 
Bleached and fluorescently whitened wool fabrics were chosen to evaluate the 
effectiveness of these nanoparticle products because they are the most 
susceptible to sunlight yellowing. The deposition of even layers of both types of 
the composite nanoparticles on the surfaces of wool fibres in fabric samples was 
found to protect the keratin in the fibres against photoyellowing in sunlight. The 
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level of protection was enhanced with increases in dosage levels on both 
bleached and fluorescent whitened wool fabric samples in both the dry and wet 
states. The results also revealed that the TiO2-containing composite 
nanoparticles were more effective in protecting the fibres than nanoparticles 
containing ZnO NPs. The introduction of polydimethylsiloxane into the coating 
step was found to significantly improve the durability of the treatments to hand 
washing, although it led to a slight reduction in the initial whiteness of the treated 
wool. Therefore, the method involving deposition of composite silica-coated 
TiO2 NPs together with polydimethylsiloxane developed in this work appears to 
provide an effective method of making photostable wool fabrics with acceptable 
fastness to hand washing. 
7.2 Suggestions for future work 
In order to improve the photostability of wool keratin, more work should be done 
in the future to understand the detailed mechanism of the discolouration process 
of wool keratin, especially in the wet state. From the fundamental research point 
of view, the effect of water and UV absorbers on the photoyellowing rate should 
be examined systematically. The fastness to washing and abrasion should be 
further improved, and the changes in fabric handle caused by polymer coating 
also need to be considered. Combinations of a wider range of protective 
materials, such as metal chelators, reducing agents and antioxidants, together 
with UV absorbing materials, also need to be examined to find more optimum 
protective treatments. Other treatments producing surface modifications could 
be of help to improve the durability of additive treatments by changing the 
surface properties of treated wool fabric samples. For example, a plasma 
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treatment could be used to make the fibre surfaces more hydrophobic or 
hydrophilic to increase adhesion between the fibres and the treatment layer. 
Finally, the application of composite silica-coated titanium dioxide and zinc 
oxide nanoparticles in other fields of UV protection, such as sunscreens, textiles, 
glass, polymers and so on should be explored in the future. 
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